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Foreword

S THIS BOOK GOES TO PRESS, the National Aeronautics and

Space Administration (NASA) has passed beyond the half cen-

tury mark, its longevity a tribute to how essential successive
Presidential administrations—and the American people whom they
serve—have come to regard its scientific and technological expertise. In
that half century, flight has advanced from supersonic to orbital veloc-
ities, the jetliner has become the dominant means of intercontinental
mobility, astronauts have landed on the Moon, and robotic spacecraft
developed by the Agency have explored the remote corners of the solar
system and even passed into interstellar space.

Born of a crisis—the chaotic aftermath of the Soviet Union’s space
triumph with Sputnik—NASA rose magnificently to the challenge of the
emergent space age. Within a decade of NASA’s establishment, teams
of astronauts would be planning for the lunar landings, first accom-
plished with Neil Armstrong’s “one small step” on July 20, 1969. Few
events have been so emotionally charged, and none so publicly visible
or fraught with import, as his cautious descent from the spindly lit-
tle Lunar Module Eagle to leave his historic boot-print upon the dusty
plain of Tranquillity Base.

In the wake of Apollo, NASA embarked on a series of space initia-
tives that, if they might have lacked the emotional and attention-getting
impact of Apollo, were nevertheless remarkable for their accomplish-
ment and daring. The Space Shuttle, the International Space Station,
the Hubble Space Telescope, and various planetary probes, landers, rov-
ers, and flybys speak to the creativity of the Agency, the excellence of its
technical personnel, and its dedication to space science and exploration.

But there is another aspect to NASA, one that is too often hidden in
an age when the Agency is popularly known as America’s space agency
and when its most visible employees are the astronauts who courageously
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rocket into space, continuing humanity’s quest into the unknown.
That hidden aspect is aeronautics: lift-borne flight within the atmosphere,
as distinct from the ballistic flight of astronautics, out into space.
It is the first “A” in the Agency’s name and the oldest-rooted of the
Agency’s technical competencies, dating to the formation, in 1915, of
NASA's lineal predecessor, the National Advisory Committee for
Aeronautics (NACA). It was the NACA that largely restored America’s
aeronautical primacy in the interwar years after 1918, deriving the airfoil
profiles and configuration concepts that defined successive generations
of ever-more-capable aircraft as America progressed from the subsonic
piston era into the transonic and supersonic jet age. NASA, succeed-
ing the NACA after the shock of Sputnik, took American aeronautics
across the hypersonic frontier and onward into the era of composite
structures, electronic flight controls, and energy-efficient flight.

This volume, the first of a two-volume set, traces contribu-
tions by NASA and the post-Second World War NACA to the field of
aeronautics. It was that work that enabled the exploitation of the
turbojet and high-speed aerodynamic revolution that led to the gas-
turbine-powered jet age that followed, within which we still live.
The subjects covered in this first volume are an eclectic mix of sur-
veys, case studies, and biographical examinations ranging across
multiple disciplines and technical competencies residing within the
National Aeronautics and Space Administration. The topics are indic-
ative of the range of Agency work and the capabilities of its staff.
They include:

¢ The advent of the sharply swept-back wing, which enabled
taking fullest advantage of the turbojet revolution and
thereby launched the era of high-speed global mass
mobility, becoming itself the iconic symbol of the jet age.

e The contributions and influence of Richard T. Whitcomb,
a legendary NACA-NASA researcher who gave to aero-
nautics some of the key methods of reducing drag and
improving flight efficiencies in the challenging transonic
region, between subsonic and supersonic flight.

¢ The work of the NACA and NASA in furthering the rotary
wing revolution via research programs on a range of
rotorcraft from autogiros through helicopters, conver-
tiplanes, ducted fan, tilt wing, and tilt rotor craft.
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How NASA worked from the earliest days of the super-
sonic revolution to mitigate the shock and disturb-
ing effects of the sonic boom, developing creative test
approaches to evaluate boom noise and overpres-
sures, and then methods to alleviate boom formation
and impingement, leading to novel aircraft shaping
and methods that are today promising to revolutionize
the design of transonic and supersonic civil and
military aircraft.

How the NACA and NASA, having mastered the tran-
sonic and supersonic regions, took on the challenge of
extending lift-borne flight into the hypersonic region
and thence into space, using exotic “transatmospheric”
vehicles such as the legendary X-15, various lifting
bodies, and the Space Shuttle, and extending the fron-
tiers of air-breathing propulsion with the Mach 9+
scramjet-powered X-43.

The physical problems and challenges that forced NASA
and other researchers to study and find pragmatic solu-
tions for such thorny issues as aeroelasticity, oscillatory
instabilities forcing development of increasingly sophis-
ticated artificial stability systems, flight simulation for
high-performance aerospace vehicles, and aerothermo-
dynamic structural deformation and heating.

NASA s role in advancing and maturing computational
fluid dynamics (CFD) and applying this new tool to aero-
nautical research and aerospace vehicle design.

The exploitation of materials science and development
of high-temperature structures to enable design of prac-
tical high-speed military and civil aircraft and spacecraft.
The advent of computerized structural loads prediction,
modeling, and simulation, which, like CFD, revolution-
ized aerospace design practices, enhancing both safety
and efficiency.

NASA’s pioneering of electronic flight control (“fly-by-
wire”), from rudimentary testbeds evolved from Apollo-
era computer architectures and software, to increasingly
sophisticated systems integrating aerodynamic and pro-
pulsion controls.
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e How the NACA and NASA advanced the gas turbine
revolution, producing more efficient engine concepts
and technology for application to new generations of
military and civilian aircraft.

¢ How NASA has contributed to the quest for fuel-efficient
and environmentally friendly aircraft technology, study-
ing combustion processes, alternative fuels, and pollut-
ant transfer into the upper atmosphere, searching for
appropriate technological solutions, and resulting in less
polluting, less wasteful, and more efficient aircraft designs.

¢  The Agency’s work in promoting global environmental
good stewardship by applying its scientific and technical
competencies to wind and solar energy, resulting in more
efficient energy-producing wind turbines and high-altitude
solar-powered long-endurance unpiloted aerial vehicles.

The record of NACA-NASA accomplishments in aeronautics dem-
onstrates the value of consistent investment in aeronautical research as
a means of maintaining the health and stability of America’s aerospace
industrial base. That base has generated an American predominance in
both civil and military aeronautics, but one that is far from assured as
the Nation enters the second century of winged flight. It is hoped that
these studies, offering a glimpse at the inner workings of the Agency and
its personnel, will prove of value to the men and women of NASA, to
those who benefit across the United States and overseas from their ded-
icated work, and to students of aeronautics and members of the larger
aerospace community. It is to the personnel of NASA, and the NACA
before them, that this volume is dedicated, with affection and respect.

Dr. Richard P. Hallion
August 4, 2010
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The X-48B subscale demonstrator for the Blended Wing-Body (BWB). The BWB may represent
the next extension of the swept and delta wing, to transform flight away from the rule of the
“tube and wing” jetliner. NASA.




Reshaping the
the Jet and Rocket Age

Richard P. Hallion

Sweep and Swing:
p Wclln for

The development of the swept and delta wing planform enabled
practical attainment of the high speeds promised by the invention of
the turbojet engine and the solid-and-liquid-fueled rocket. Refining the
swept and delta planforms from theoretical constructs to practical reali-
ties involved many challenges and problems requiring creative analysis
and study by NACA and NASA researchers. Their insight and persever-
ance led to the swept wing becoming the iconic symbol of the jet age.

HE PROGRESSIVE EVOLUTION OF AIRCRAFT DESIGN HAS WITNESSED
T continuous configuration changes, adaptations, and reinterpreta-

tions. The canard wood-and-fabric biplane launched the powered
flight revolution and gave way to the tractor biplane and monoplane, and
both gave way to the all-metal monoplane of the interwar era. The tur-
bojet engine set aside the piston engine as the primary motive power for
long-range commercial and military aircraft, and it has been continually
refined to generate the sophisticated bypass turbofans of the present era,
some with afterburning as well. The increasing airspeed of aircraft drove
its own transformation of configuration, measurable in the changed rela-
tionship between aspect and fineness ratios. Across the primacy of the
propeller-driven era, from the beginning of the 20th century to the end of
the interwar era, wingspan generally far exceeded fuselage length. That
changed early in the jet and rocket era. By the time military and test pilots
from the National Advisory Committee for Aeronautics (NACA) first probed
the speed of sound with the Bell XS-1 and Douglas D-558-1 Skystreak,
wingspan and fuselage length were roughly equal. Within a decade, as
aircraft speed extended into the supersonic regime, the ratio of wingspan
to fuselage length dramatically reversed, evidenced by aircraft such as
the Douglas X-3, the Lockheed F-104 Starfighter, and the Anglo-French
Concorde Supersonic Transport (SST). Nicknames handily captured the
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transformation: the rakish X-3 was known informally as the “Stiletto” and
the only slightly less sleek F-104 as the “Missile with a Man in It.”

There was as well another manifestation of profound design transfor-
mation, one that gave to the airplane a new identity that swiftly became
a global icon: the advent of the swept wing. If the biplane constituted the
normative airplane of the first quarter century of flight and the straight
wing cantilever monoplane that of the next quarter century, by the time of
the golden anniversary of Kitty Hawk, the swept wing airplane had sup-
planted both, its futuristic predominance embodied by the elegant North
American F-86 Sabre that did battle in “MiG Alley,” high over North Korea’s
blue-gray hills bordering the Yalu River. In the post-Korean era, as swept
wing Boeing 707 and Douglas DC-8 jet airliners replaced what historian
Peter Brooks termed the “DC-4 generation” of straight wing propeller-driven
transports, the swept wing became the iconic embodiment of the entire jet
age.! Today, 75 years since its enunciation at an international conference,
the high-speed swept wing is the commonly accepted global highway sym-
bol for airports, whether an intercontinental center such as Los Angeles,
Frankfurt, or Heathrow; regional hubs such as Dallas, Copenhagen, or
Charlotte; or any of the myriad general aviation and business aviation air-
fields around the world, even those still primarily populated, ironically, by
small, straight wing propeller-and-piston-driven airplanes.

The Tailless Imperative: The Early History of Swept and Delta Wings

The high-speed swept wing first appeared in the mid-1930s and, like most
elements in aircraft design, was European by birth. But this did not mark
the swept wing’s first appearance in the world’s skies. The swept wing dated
to before the First World War, when John Dunne had developed a series
of tailless flying wing biplanes using the swept planform as a means of
ensuring inherent longitudinal stability, imparting “self-correcting” res-
toration of any gust-induced pitching motions. Dunne’s aircraft, while
freakish, did enjoy some commercial success. He sold manufacturing

1. Peter W. Brooks, The Modern Aiiner: Its Origins and Development [London: Puinam & Co., lid.,
1961), pp. @1-111. Brooks uses the term to describe a category of large airliner and transport aircraft
defined by common shared design characterisfics, including circular crosssection constantdiameter
fuselages, fourengines, fricycle landing gear, and propeller-driven (piston and turbo-propeller), from the
DC-4 through the Bristol Britannia, and predominant in the time period 1942 through 1958. Though
some historians have quibbled with this, | find Brooks's reasoning convincing and his concept of such a
"generation” both historically valid and of enduring value.
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rights to the Burgess Company in the United States, which subsequently
produced two “Burgess-Dunne” seaplanes for the U.S. Navy. Lt. Holden
C. Richardson, subsequently one of the first members of the NACA, had
urged their purchase “so that the[ir] advantages and limitations can be
thoroughly determined . . . as it appears to be only the beginning of an
important development in aeronautical design.”?

That it was, though not in the fashion Richardson expected. The swept
wing remained an international staple of tailless self-stabilizing design,
typified in the interwar years by the various Westland Pterodactyl aircraft
designed by Britain’s G.T.R. Hill, the tailless aircraft of Boris Ivanovich
Cheranovskiy, Waldo Waterman’s Arrowplane, and a series of increas-
ingly sophisticated sailplanes and powered aircraft designed by Germany’s
Alexander Lippisch. However, it would not become the “mainstream” ele-
ment of aircraft design its proponents hoped until applied to a very dif-
ferent purpose: reducing transonic aerodynamic effects.> The transonic
swept wing effectively increased a wing’s critical Mach number (the “drag
divergence Mach number”), delaying the onset of transonic drag rise and
enabling an airplane to fly at higher transonic and supersonic speeds for
the same energy expenditure and drag penalty that a straight wing airplane
would expend and experience at much lower subsonic speeds.

In 1935, leading aerodynamicists gathered in Rome for the Volta
Congress on High Speeds in Aviation, held to coincide with the opening of
Ttaly’s impressive new Guidonia laboratory complex. There, a young German
fluid dynamicist, Adolf Busemann, unveiled the concept of using the swept
wing as a means of attaining supersonic flight.* In his presentation, he

2. Quoted in Roy A. Grossnick, et al., United States Naval Aviation 1910-1995 (Washington:
U.S. Navy, 1997), p. 15; Gordon Swanborough and Pefer M. Bowers, United States Navy
Aircraft Since 1911 (New York: Funk & Wagnalls, 1968), p. 394.

3. Alexander Lippisch, “Recent Tests of Tailless Airplanes,” NACA TM:564 (1930), a NACA franslation
of his arficle “les nouveaux essays d'avions sans queue, " ['Aérophile (Feb. 1-15, 1930), pp. 35-39.
4. For \olia, see Theodore von Ké&rman and Lee Edson, The Wind and Beyond: Theodore von
Kérmdn, Pioneer in Aviation and Pathfinder in Space (Boston: litle, Brown and Co., 1967), pp.
216217, 221-222; Adolf Busemann, “Compressible Flow in the Thirties,” Annual Review of Fluid
Mechanics, vol. 3 (1971), pp. =11, Carlo Ferrari, "Recalling the Vih Volia Congress: High Speeds in
Aviation,” Annual Review of Fluid Mechanics, vol. 28 [1996), pp. 1-9; HansUlrich Meier, "Hisfo-
rischer Riickblick zur Entwicklung der Hochgeschwindigkeitsaerodynamik,” in HAU. Meier, ed., Die
Pleilfligelentwicklung in Deutschland bis 1945 (Bonn: Bemard & Graefe Verlag, 2006), pp. 16-36;
and Michael Eckert, The Dawn of Fluid Dynamics: A Discipline Between

Science and Technology (Weinheim: Wiley-VCH Verlag, 2006), pp. 228-231.
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demonstrated the circulation pattern around a swept wing that, essen-
tially, “fooled” it into “believing” it was flying at lower velocities. As well,
he presented a sketch of an aircraft with such a “Pfielférmiges Tragwerk”
(“Arrow-Shaped Lifting Surface”), though one that had, by the standards
of subsequent design, very modest sweep and very high aspect ratio.’

Theodore von Karman recalled not quite two decades later that after-
ward, at the conference banquet, “General [Arturo] Crocco, the orga-
nizer of the congress and a man of far-reaching vision, went further while
doodling on the back of the menu card, drawing a plane with swept-
back wings and tail, and even swept propeller blades, laughingly calling
it ‘Busemann'’s airplane.”® Evidence exists that Crocco took the concept
beyond mere dinner conversation, for afterward, Guidonia researchers
evaluated a design blending modestly swept wings with a “push-pull”
twin-engine fuselage configuration. However, Guidonia soon returned
to the more conventional, reflecting the Italian air ministry’s increas-
ing emphasis upon building a large and powerful air arm incorporating
already proven and dependable technology.”

Delegates from other nations present at Busemann’s briefing missed its
significance altogether, perhaps because his gently swept configuration—in
the era of the DC-2 and DC-3, which had pronounced leading edge taper—
looked far less radical than the theory and purpose behind it implied.
NACA Langley Memorial Aeronautical Laboratory researchers had already
evaluated far more sharply swept planforms at Langley for a seminal
wing taper study the laboratory issued the next year.® Thus, at first glance,
Busemann’s design certainly did not look like a shape that would trans-
form aviation from the firmly subsonic to the transonic, making possible
the potential of the jet engine, and the jet age (with its jet set) that followed.

5. Adolf Busemann, “Aerodynamische Auftrieb bei Uberschallgeschwindigkeit,” Lufifahrtforschung,
vol. 12, No. 6 (Oct. 3, 1935), pp. 210-220, esp. Abb. 4-5 (Figures 4-5).

6. Theodore von Kérman, Aerodynamics [New York: McGrawHill Book Company, Inc., 1963 ed.), p. 133.
7. Ministero dell'’Aeronautica, 1° Divisione, Sezione Aerodinamica Resuliati di Esperienze (Rome:
Guidonia, 19306); the swept “"double-ender” wind tunnel study [anticipating the layout of Dornier's
Do 335 Pleil ["Arrow"] of the late wartime years) was designated the J-10; its drawing is dated
March 7, 1936. | thank Professor Claudio Bruno of the Universita degli Studi di Roma “La Sapi-
enza"; and Brigadier General Marcello di Lauro and Lieutenant Colonel Massimiliano Barlatiani
of the Stato Maggiore dell’ Aeronautica Militare (SMdAM), Rome, for their very great assistance in
enabling me fo examine this study at the Ufficio Storico of the SMdAM in June 2009.

8. Raymond F. Anderson, “Defermination of the Characteristics of Tapered Wings,” NACA Report
No. 572 (1936); see in particular Figs. 15 and 16, p. 11.
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Therefore, for the United States and most other nations, over the
next decade, the normative airplane remained one having straight (if
tapered) wings and piston propulsion. For Germany, however, the future
belonged to increasingly sharply swept and delta wings, and jet and
rocket propulsion as well. Within 5 years of the Volta conference, with
Europe engulfed in a new war, its engineers had already flown their
first jet and rocket-powered aircraft, had expanded beyond Busemann’s
initial conception to derive shapes more closely anticipating subsequent
high-speed aircraft and missile designs, and were busily testing models
of swept wing transonic airplanes and supersonic missiles. Lippisch’s
swept wing sailplanes had presaged a new Messerschmitt rocket-
propelled interceptor, the Me 163 Komet (“Comet”), and his broad, high
aspect ratio deltas had given way to a rounded triangular planform
that he envisioned as meeting the needs for transonic and supersonic
flight. While many of these concepts by Lippisch and other German
designers were impracticable, or unrelated to Germany’s more imme-
diate military needs, others possessed significant military or research
potential. Only flawed decisions by the Third Reich’s own leadership
and the Allies’ overrunning of Germany would prevent them from
being developed and employed before the collapse of the Hitler regime
in May 1945.°

Birthing the American Delta and Swept Wing
The extent to which the swept wing permeated German aeronauti-
cal thought understandably engendered tremendous postwar interest

Q. For an example of such work, see Dr. Richard Lehnert, “Bericht Uber Dreikomponentenmessungen

mit den Gleitermodellen A4 V12/a und A4 V12/c,” Archiv Nr 66,/34 (Peenemiinde: Heeres-
Versuchsstelle, Nov. 27, 1940), pp. 610, Box 674, "C10,/V-2/History" file, archives of the National
Museum of the United States Air Force, Dayton, OH. Re: German research deficiencies, see Adolf
Baeumker, Ein Beitrag zur Geschichte der Fiihrung der deutschen Lufifahrtiechnik im ersten halben jahrhun-
dert, 1900-1950 (Bad Godesberg: Deutschen Forschungs — und Versuchsanstalt fir Luft — und Raumfahrt
e. V., 1971), pp. 61-74; Col. leslie E. Simon, German Scientific Establishments (Washington: Office
of Technical Services, Department of Commerce, 1947), pp. 7-9; Helmuth Trischler, “SelfMobilization
or Resistance? Aeronautical Research and National Socialism,” and Ulrich Albrecht, “Military Technology
and National Socialist Ideclogy,” in Monika Renneberg and Mark Walker, eds., Science, Technology,
and National Socialism (Cambridge: Cambridge University Press, 1994), pp. 72-125. For science and
the Third Reich more generally, see Alan D. Beyerchen, Scientisis Under Hitler: Politics and the Physics
Community in the Third Reich (New Haven: Yale University Press, 1977); and Kiristie Macrakis, Surviving
the Swastika: Scientific Research in Nazi Germany [New York: Oxford University Press, 1993).
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A sampling of various design concepts for Lippisch swept wing and delta aircraft. These orig-
inal Lippisch sketches were incorporated in “German Aircraft: New and Projected Types,” a
1946 Allied technical intelligence summary. USAF.

in the benefits of swept planforms for transonic and supersonic flight
within the American, European, and Soviet aeronautical communi-
ties.'® However, for America, uncovering German swept wing research
and development furnished the confirmation of its value, not its
discovery, for Robert T. Jones, an aerodynamicist at the Langley Memorial
Aeronautical Laboratory, had independently discovered its benefits in
1944, a year before the Allies first entered Germany’s shattered and shut-
tered research laboratories and design shops.!!

The Gluhareff-Griswold Nexus
In 1936, Michael E. Gluhareff, an emigree Russian engineer who was
chief of design for the Vought-Sikorsky Aircraft Division of United

10. USAAF, “German Aircraft, New and Projected Types” [1946), Box 568, "A-1A/Germ/1945"
file, NMUSAF Archives; and J. McMasters and D. Muncy, “The Early Development of Jet Propelled
Aircraft,” AIAA Paper 20070151, Pts. 1-2 (2007).

11. See Richard P. Hallion, “Lippisch Gluhareff, and Jones: The Emergence of the Delta Planform
and the Origins of the Sweptwing in the United States,” Aerospace Historian, vol. 26, no. 1 (Mar.
1979), pp. 1-10.
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Aircraft Corporation, began examining various tailless aircraft con-
figurations. By July 1941, his study had spawned a proposed intercep-
tor fighter powered by a piston engine driving a contra-rotating pusher
propeller. It had a rounded delta planform resembling an arrowhead,
with leading edges swept aft at 56 degrees. It featured a tricycle retract-
able landing gear, twin ventral vertical fins, an extremely streamlined
and rounded configuration, provisions for six heavy machine guns, and
elevons (combined ailerons and elevators) for roll and pitch control.
Gluhareff informed company founder Igor 1. Sikorsky that its sharp
sweep would delay the onset of transonic compressibility, noting, “The
general shape and form of the aircraft is, therefore, outstandingly adapt-
able for extremely high speeds.”!?

In retrospect, Gluhareff’s design was a remarkable achievement,
conceived at just the right time to have been completed with turbojet
propulsion (for which its configuration and internal layout was emi-
nently suited) though circumstances conspired against its development.
Sikorsky was then perfecting the first practical helicopter—the VS-300,
another revolutionary development, of course—and chose understand-
ably to concentrate on rotary wing flight. He did authorize Gluhareff to
solicit support from inventor-entrepreneur Roger W. Griswold, presi-
dent of the Ludington-Griswold Company, about building a wind tunnel
model of the configuration.' Tests by United Aircraft proved so encour-
aging that Griswold approached the engineering staff of the Army Air
Forces (AAF) at its Wright Field Aircraft Laboratory about sponsor-
ing what was now called the “Dart.”'* But having their fill of visitors

12. Memo, Michael Gluhareff fo I.I. Sikorsky, July 1941, copy in the Gluhareff Dart accession
file, National Air and Space Museum, Smithsonian Institution, Washington, DC. Gluhareff's Dart
appeared contemporaneously with a remarkably similar (though with a tractor propeller) Soviet
design by Alexandr Sergeevich Moskalev. Though unclear, it seems Gluhareff first conceived the
planform. It is possible that an informal interchange of information between the two occurred, as
Soviet aeronautics and espionage authorities kept close frack of American developments and the
activities of the emigree Russian community in America.

13. Griswold is best known as coinventor (with Hugh De Haven) of the three-point seat resfraint,
which formed the basis for the modem automotive seat bell; Saab then advanced further, building
upon their work. See “Three-Point Safety Belt is American, not Swedish, Invention,” Status Report,
vol. 35, no. 9 (Oct. 21, 2000), p. 7.

14. VoughtSikorsky, “Aerodynamic Characteristics of the Preliminary Design of a 1,/20 Scale Model
of the Dart Fighter,” Vought-Sikorsky Wind Tunnel Report No. 192 (Nov. 18, 1942], copy in the Glu-
hareff Dart accession file, National Air and Space Museum, Smithsonian Institution, VWashington, DC.
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The proposed Gluhareff Dart fighter of 1941, showing both its novel layout and, for the time, nearly
as novel tricycle landing gear layout. National Air and Space Museum, Smithsonian Institution.

bringing a series of the weird and unconventional, and charged with
ensuring that the AAF acquired large numbers of aircraft, and quickly,
the AAF’s engineers did not pursue the project.'

So the Gluhareff-Griswold Dart never reached the hardware stage, the
failure to build it counting as a loss to American midcentury aeronautics.
As for Gluhareff, though he had made notable contributions to Sikorsky’s
large flying boats (and would, as well, to his helicopters), he continued

15. Lefter, Roger W. Griswold to Maj. Donald R. Eastman, Oct. 22, 1946, Gluhareff Dart acces-
sion file, NASM.
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to explore the basic design of his intriguing if abortive configuration,
proposing a variety of derivatives, including in 1959 a Mach 2+ super-
sonic transport with a small canard wing and double-deck fuselage.'® If
the Dart never saw development, its configuration nevertheless proved
significant. In 1944, Griswold resurrected the Dart shape for a proposed
2,000-pound guided glide bomb, or “glomb.” The Army Air Forces recom-
mended he obtain the NACASs opinion of its aerodynamics, and for this,
Griswold turned to Langley Memorial Aeronautical Laboratory. There,
on August 19, he met with the NACA’ resident aerodynamic expert on
“pilotless missiles,” Robert T. Jones. Out of that contact would emerge
both the American delta and swept wing.

Enter Robert T. Jones . . .
“R.T.” Jones was a brilliant, flight-obsessed, and largely self-taught fluid
dynamicist, having dropped out of the University of Missouri to join a
flying circus, then working as a designer for Nicholas-Beazley, a small
Missouri aircraft company. When the Great Depression collapsed the
firm, his father used political connections as Chairman of the local
Democratic Party to secure Jones a job running elevators in the U.S.
Capitol. In his spare time and evenings, he studied mathematics and
aerodynamics with Albert Zahm, the aeronautics Chair at the Library of
Congress, and with Max Munk at Catholic University. Despite his lack
of a formal engineering degree, through the efforts of Representative
David Lewis (a homespun Maryland progressive with a strong interest
in self-improvement who had taken math instruction from the young
elevator operator), Jones received a temporary appointment as a “sci-
entific aide” to the NACA. There, he quickly proved such a gifted and
insightful researcher that he soon secured a coveted permanent posi-
tion at Langley, consorting with the likes of John Stack, Eastman Jacobs,
and Theodore Theodorsen.!”

As he considered Griswold’s “glomb,” Jones recognized that its
extremely low aspect ratio shape (that is, a shape having a very long

16. M.E. Gluhareff, "Tailless Airplane,” U.S. patent No. 2,511,502, issued June 13, 1950;
"Sikorsky Envisions Supersonic Airliner,” Aviation Week (May 4, 1959), pp. 67-68; M.E. Gluhareff,
" Aircraft with Refractable Auxiliary Airfoil,” U.S. patent No. 2,941,752, issued June 21, 1960.

17. See William Sears's biographical infroduction to the “Collected VWorks of Robert T. Jones,”
NASA TMX-3334 (1976), pp. vii-ix; and Walter G. Vincenti, “Robert Thomas Jones,” in
Biographical Memoirs, vol. 86 (Washington: National Academy of Sciences, 2005), pp. 3-21.
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wing root in relation to its total wingspan) could not be adequately ana-
lyzed using conventional Prandtl-rooted “lifting line” theory. Instead,
Jones drew on the work of his mentor Munk, using papers that Munk had
written on the flow of air around inclined airship hulls and swept wings,
and one by the Guggenheim Aeronautical Laboratory’s Hsue-shen Tsien, a
von Karman associate at the California Institute of Technology (Caltech),
on airflow around inclined bodies of revolution. He analyzed it using
linear equations governing two-dimensional incompressible flow, con-
sidering his results of little practical value, recalling three decades later,
“T thought, well, this is so crude, nobody would be interested. So I
just hid it in my desk.”!®

But it sparked his curiosity, and in January 1945, by which time he
was busy thinking about nonlinear compressible flows, he had a rev-
elation: the equations he had developed months earlier for the glomb
analysis could be applied to a low aspect triangular wing operating in
supersonic flow, one whose wing-leading edges were so sharply swept
as to place them within the shock cone formed around the vehicle and
hence operating in subsonic flow. In these conditions, the wing was
essentially “fooled” into behaving as if it were operating at a much lower
Mach number. As Jones recalled, “It finally dawned on me that the slen-
der wing theory would hold for compressible flow and even at supersonic
speed if it were near the center of the Mach cone. So, I immediately got
the paper out and I added the compressible flow parts to it, which was
really the important part, and then I wondered well, why is it that this
slender wing doesn’t have an effect on compressibility? Then I realized
that it was because the obliquity of the edge and that this is the sim-
ple sweep theory and would work in spite of the compressibility effect.
So, I wrote a paper which incorporated the slender wing theory and
also sweep theory.”!” Jones then moved from considering a slender
triangular delta [A] to the sharply sweptback wing [*], the reverse of

18. Transcript of interview of R.T. Jones by Walter Bonney, Sept. 24, 1974, p. 5, in Jones bio-
graphical file, No. 001147, Archives of the NASA Historical Division, National Aeronautics and
Space Administration, VWashington, DC.

19. Transcript of JonesBonney interview, p. 5; Hallion conversation with Dr. Robert T. Jones at
NASA Ames Research Center, Sunnyvale, CA, July 14, 1977; Max M. Munk, “The Aerodynamic
Forces on Airship Hills, NACA Report No. 184 (1923); Max M. Munk, “Note on the Relative
Effect of the Dihedral and the Sweep Back of Airplane Wings,” NACA TN-177 (1924); H.S. Tsien,
"Supersonic Flow Over an Inclined Body of Revolution,” Journal of the Aeronautical Sciences, vol. 5,

no. 2 (Oct. 1938, pp. 480-483.
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Germany, where the high-speed swept wing had preceded, not followed,
the delta.?

Jones's delta and swept wing utilized, for their time, very thin airfoil sec-
tions, ones typical of supersonic aircraft to come. In contrast, German swept
and delta wing developer Alexander Lippisch had employed much thicker
sections that proved unsuitable for transonic flight. His tailless rocket-
propelled swept wing Me 163 Komet (“Comet”) interceptor, for example,
essentially became uncontrollable at speeds slightly above Mach 0.82 thanks
to stability changes induced by shock wave formation on its relatively thick
wing. His design for a rocket-boosted, ramjet-powered delta fighter, the
P 13, had such thick wing and tail sections—the pilot actually sat within
the leading edge of the vertical fin—that it could never have achieved its
desired transonic performance. As discussed subsequently, postwar NACA
tests of a captured glider configuration of this design, the DFS DM-1,
confirmed that transonic delta wings should be far thinner, with sharper
leading edges. As a consequence, NACA researchers rejected the Lippisch
approach, and, though some of them tried extrapolations of his designs (but
with lower thickness-chord ratios and sharper leading edges), the NACA
(and industry as well) adapted instead the thin slender delta, a la Jones.?'

Dissemination, Deliberation, and Confirmation

In February 1945, Jones showed his notes on sweep to Jean Roché, the
Army Air Forces technical liaison at Langley, and informed others as
well, including Maj. Ezra Kotcher of the AAF’s Air Technical Service

20. Note that although Lippisch called his tailless aircraft “delias” as early as 1930, in fact they
were generally broad high aspect ratio wings with pronounced leading edge taper, akin fo the
wing planform of America’s classic DC-1,/2/3 airliners. During the Second World War, Lippisch
did develop some concepts for sharply swept deltas (though of very thick and impracticable wing
section). Taken all together, Lippisch’s deltas, whether of high or low aspect ratio planform, were not
comparable fo the thin slender and sharply swept (over 60 degrees) delias of Jones, and Gluhareff
before him, or Diefrich Kiichemann at the Royal Aircraft Establishment afterwards, which were more
akin to high-supersonic and hypersonic shapes of the 1950s—1960s.

21. For DM-1 and extrapolative tests, see Herbert A. Wilson, Jr., and J. Calvin Lowell, “Full-Scale
Investigation of the Maximum Lift and Flow Characteristics of an Airplane Having Approximately
Triangular Plan Form,” NACA RMLOK20 (1947): J. Calvin Lovell and Herbert A. Wilson, Jr.,
"langley Full-Scale-Tunnel Investigation of Maximum Lift and Stability Characterisfics of an Airplane
Having Approximately Triangular Plan Form (DM-1 Glider),” NACA RML7F16 (1947); and Edward
F. Whittle, Jr., and J. Calvin Lovell, “Full-Scale Investigation of an Equilateral Triangular Wing Having
10-Percent-Thick Biconvex Airfoil Sections,” NACA RML8GOS5 (1948).
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Command, and NACA colleagues Arthur Kantrowitz and Hartley A.
Soulé.?? Kotcher passed it along to von Karman and Tsien—then work-
ing as scientific advisers to Gen. Henry H. “Hap” Arnold, the Army Air
Forces’ Chief of Staff—and Soulé and Kantrowitz urged Jones to inform
the Agency’s Director of Research, George W. Lewis, of his discovery.?
Accordingly, on March 5, 1945, Jones informed Lewis, “I have recently
made a theoretical analysis which indicates that a V-shaped wing travel-
ling point foremost would be less affected by compressibility than other
planforms. In fact, if the angle of the V is kept small relative to the Mach
angle [the angle of the shockwave], the lift and center of pressure remain
the same at speeds both above and below the speed of sound.”?* Jones
subsequently undertook tests in the Langley 9-inch supersonic tunnel of
a small, 4-inch-long daggerlike sheet-steel triangular wing with rounded
leading edges and a span of only 1.5 inches, tests that complemented
other trials at Aberdeen, MD, arranged by von Karman and Tsien.

The Langley tests, through the transonic region and up to Mach 1.75,
confirmed his expectations, and Jones published his first test results
May 11, 1945, noting, “The lift distribution of a pointed airfoil travelling
point-foremost is relatively unaffected by the compressibility of the air
below or above the speed of sound.”?> This was almost 2 weeks before
Lippisch informed von Karman, then leading an AAF European study
team, of his high-speed delta concepts (during a technical intelligence
interrogation at St. Germain, France, on May 23), not quite a month
before von Karman assistant Clark Millikan visited the Messerschmitt
advanced projects group at Oberammergau on June 9-10 and inter-
rogated Waldemar Voigt about his swept wing fighter concepts, and
well over a month before Millikan journeyed to Volkenrode to inter-

22.In 1944, Kotcher had conceived a rocketpowered “Mach 0.999" transonic research airplane
[a humorous reference 1o the widely accepted notion of an “impenetrable” sonic “barrier”) that
subsequently inspired the Bell Aircraft Corporation to undertake design of the XS-1, the world's first
supersonic manned airplane.

23. Kantrowitz would pioneer highMach research facilities design, and Soulé would serve the NACA
as research airplane projects leader, supervising the Agency's Research Airplane Projects Panel (RAPP),
a highevel steering group coordinating the NACAs X-series experimental aircraft programs.

24. Memo, Jones to Lewis, Mar. 5, 1945: see also lir., Jones to Emest O. Pearson, Jr., Feb. 2, 1960,
and Navy/NACA Record of Invention Sheet, Apr. 10, 1946, Jones biographical file, NASA.

25. Robert T. Jones, "Properties of Low-AspectRatio Pointed Wings at Speeds Below and Above the
Speed of Sound,” NACA TN-1032 (1946), p. 11 [first issued at NACA LIMAL on May 11, 1945].




Case 1 | Sweep and Swing: Reshaping the Wing for the Jet and Rocket Age

rogate German swept wing inventor Adolf Busemann, on June 20-21.%

Langley’s peer reviewers and senior Agency official Theodore
Theodorsen did not immediately accept Jones’s assumption that a unified
slender wing theory could apply to both compressible and incompressible
flows and even questioned the evidence of sweep’s benefits. Fortunately,
Jones was greatly assisted in confounding skeptics by the timely results of
NACA tunnel tests and falling body experiments, which left little doubt that
sweep worked. As well, an associate of Jones made a most helpful discov-
ery: locating a 1942 British translation of Busemann’s 1935 paper. Evidence
of an enemy'’s interest coincident with one’s own work always heightens its
perceived value, and undoubtedly, the Busemann paper, however dated,
now strongly bolstered Jones’s case. When it became time to assemble a
bibliography for his swept wing report, Jones added Busemann'’s paper
and other German sources by Albert Betz, H.G. Kiissner, Ludwig Prandtl,
and Hermann Schlichting, though it is unclear whether this reflected a
collegial respect across the chasm of war or simply a shrewd apprecia-
tion of their persuasive value.?”

Langley released his report in late June 1945.2 In it, Jones noted: “the
attachment of plane waves to the airfoil at near-sonic or supersonic speeds
(Ackeret theory) may be avoided and the pressure drag may be reduced
by the use of planforms in which the angle of sweepback is greater than
the Mach angle. The analysis indicates that for aerodynamic efficiency,
wings designed for flight at supersonic speeds should be swept back at an

26. For Millikan visit to Germany, see Millikan Diary 6, Box 35, Papers of Clark B. Millikan,
Archives, California Insfitute of Technology, Pasadena, CA; Alexander Lippisch, lir. to editor, Aviation
Week and Space Technology (Jan. 6, 1975); in 1977, while curator of science and technology

at the National Air and Space Museum, the author persuaded Jones to donate his historic delfa test
model to the museum; he had been using it for years as a lefter opener!

27 Jones noted afterward that at Volia, Busemann “didn’t have the idea of getting the wing inside the
Mach cone so you got subsonic flow. The real key 1o [the swept wing] was fo get subsonic flow at super-
sonic speed by getting the wing inside the Mach cone . . . the development of what | would say [was]
the really correct sweep theory for supersonic speeds occurred in Germany in '43 or ‘44, and with me in
1945." (See transcript of JonesBonney interview, p. 6). But German researchers hod mastered it earlier,
as evident in a series of papers and presentations in a then-"Geheim” (" Secret”) conference report by

the LilienthalGesellschaft fir Luftfahriforschung, Allgemeine Strémungsforschung: Bericht iber die Sitzung
Hochgeschwindigkeitsfragen am 29 und 30 Okiober 1942 in Berlin (Berlin: LGF, 1942).

28. For his report, see Robert T. Jones, “Wing Planforms for High-Speed Flight,” NACA TN-1033
(19406) [first issued at LMAL on June 23, 1945, as Confidential Memorandum Report L5F21]. Jones's
tortuous path to publication is related in James R. Hansen's Engineer in Charge: A History of the lang-

ley Aeronautical Laboratory, 191/-1958, SP-4305 (Washington: NASA, 1987), pp. 284-285.
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Jones showed these notes on the concept of high-speed wing sweep to Langley’s AAF technical
liaison representative Jean Roché on February 27, 1945. NASA.

angle greater than the Mach angle and the angle of sweepback should be
such that the component of velocity normal to the leading edge is less than
the critical speed of the airfoil sections. This principle may also be applied
to wings designed for subsonic speeds near the speed of sound, for which
the induced velocities resulting from the thickness might otherwise be suf-
ficiently great to cause shock waves.”? Such marked the effective birth of

29. Jones, "Wing Planforms for High-Speed Flight,” NACA TN-1033, p. 1.
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the high-speed swept wing airplane in the United States, as his report
weeks earlier had marked the birth of the American high-speed delta.

By the time Jones’s report appeared, Germany’s aeronautical estab-
lishment was already under the microscope of Allied technical intelli-
gence, whose teams swiftly focused on its intensive investment in swept
wing aerodynamics for its missiles and aircraft. Replicating reaction
to the earlier “discovery” of “Gottingen aerodynamics” after the First
World War, the post-Second World War influence of German example
and practice was even more profound. Indeed, it affected the entire post-
war course of European, Soviet, and American high-speed aerodynamic
research, development, test, evaluation, and acquisition. In the increas-
ingly tense national security environment of the burgeoning Cold War,
the national intelligence services of the various advanced aeronauti-
cal nations understandably maintained very active technical collection
efforts to learn what they did not already know.*

30. For the United States, this meant that Soviet intelligence collectors increasingly focused on American
high-speed research. Bell Aircraft Corporation, manufacturer of the first American jet airplane, the first
supersonic airplane, and advanced swept wing testoeds (the X-2 and X-5), figured prominently as a
Soviet collection target as did the NACA. NACA engineer William Perl (bom Mutierperl], a member

of the Rosenberg spy ring who passed information on aviation and jef engines 1o Soviet intelligence,
worked as a postwar research assistant for Caliech’s Theodore von Kérmén, director of the Guggenheim
Aeronautical Laboratory of the Califoria Institute of Technology (GALCIT), the Nation's premier academic
aero research facility. He cultivated a close bond with TVKs sister Josephine (“Pipa”) and TWK himself. Perl
had almost unique access fo the highestlevel NACA and GALCIT reports on high-speed flight, and the
state of advanced research and facilifies planning for them and the U.S. Air Force. He associated as well
with NACA notables, including Arthur Kanfrowitz, Eastman Jacobs, and Robert T. Jones. So closely was
he associated with von Kérmén that he once helpfully reminded him where to find the combination to an
office safe! He helped screen sensitive NACA data for a presentation TvK was making on high-speed
stability and control, and TvK recommended Perl for consuliation on tunnel development af the proposed
new Amold Engineering Development Center (AEDC] in Tennessee. Perl was unmasked by the Venona
signals intelligence decryption program, inferrogated on his associations with known Communists, and
subsequently arrested and convicted of perjury. (He had falsely denied knowing the Rosenbergs.] More
serious espionage charges were not brought, lest court proceedings compromise the ongoing Venona
collection effort. The Papers of Theodore von Karmén, Box 31, Folder 31.38, Archives of the California
Institute of Technology, and the Federal Bureau of Investigations’ extensive Perl documentation contain
much revealing correspondence on Perl and his associates. | thank Emest Porter and the FBI historical
office for arranging access o FBI material. See also Katherine A.S. Sibley, Red Spies in America: Stolen
Secrets and the Dawn of the Cold War (Lawrence: University Press of Kansas, 2004); and John Earl
Haynes and Harvey Klehr's Early Cold War Spies: The Espionage Trials that Shaped American Politics
(Cambridge: Cambridge University Press, 20006) for further details on the Perl case.
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The North American XP-86, prototype of the F-86 Sabre family, represented an amalgam of
German and American swept wing and streamlined aerodynamics. USAF.

Swept Wing Challenges

The NACA so rapidly focused its attention on swept planforms that,
within 2 years of the end of the Second World War, George Gray, author
of a popular yet surprisingly detailed study of the Agency, could already
write: “Just how far the sweepback principle can be applied with result-
ing advantage is a question. . . . At about 90 percent of the speed of
sound both sweepback and low aspect ratio begin to be of value, and
wings that combine the two features seem to offer a promising choice.
At about Mach number 1.50, a sweepback of 60 degrees seems neces-
sary to escape the backward flare of the Mach angle. . . . At Mach num-
ber 2.00, the angle is so acute that it is impossible to avoid it and still
preserve the wings. It may be that designers preparing for flight at this
speed will return to wings of low angles of sweep, and place their main
dependence for drag reduction on thinning the profiles, lowering the
aspect ratio, and sharpening the edges of wings.”3! By 1950, this grow-

31. George W. Gray, Frontiers of Flight: The Story of NACA Research (New York: Knopf, 1948),
p. 348.
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ing confidence in the old-new swept planform had resulted in transonic
and supersonic research airplanes, a variety of military prototypes, and
two operational jet fighters that would shortly clash over North Korea:
the American F-86 Sabre (first flight in October 1947) and, in the Soviet
Union, the MiG-15 (first flight in December 1947).3

Swept wing aircraft, for all their high-speed advantages, posed daunt-
ing stability, control, and handling qualities challenges. Foremost of
these was pitch-up at low and high speeds, resulting from deteriorating
longitudinal stability.3* A swept wing airplane’s lateral-directional sta-
bility was compromised as well by so-called “dihedral effects.” Swept
wing aircraft with excessive dihedral experienced pronounced combined
rolling and yawing “Dutch roll” motions, which would be unacceptable
on both production civil and military designs.?* Such motions would
induce airsickness in passengers on large aircraft and, on bomber, fighter,
and attack aircraft, prevent accurate tracking of a maneuvering target
or accurate bomb release. (Indeed, it was largely because of this kind
of behavior that the U.S. Air Force did not proceed with production of
Northrop’s YB-49 flying wing jet bomber.) Adverse yaw posed another
problem. At higher speeds, as a swept wing plane rolled from aileron

32. Re: German high-speed influence in the U.S., Britain, and Russia, see H.S. Tsien, "Reports on
the Recent Aeronautical Developments of Several Selected Fields in Germany and Switzerland,” in
Theodore von Karman, ed., Where We Stand: First Report to General of the Army H.H. Amold on
long Range Research Problems of the Air Forces with a Review of German Plans and Developments
[Washington: HQ AAF, Aug. 22, 1945), Microfilm Reel 194, Papers of Gen. Henry H. Amold,
Manuscript Division, U.S. Library of Congress, Washington, DC; Ronald Smelt, “A Critical Review
of German Research on High-Speed Airflow,” Journal of the Royal Aeronautical Society, vol. 50,
No. 432 [Dec. 1946), pp. 899-934; Andrew Nahum, “I Believe the Americans Have Not Yet
Taken Them Alll" in Helmuth Trischler, Stefan Zeilinger, Robert Bud, and Berard Finn, eds., Tackling
Transport {London: Science Museum, 2003), pp. 99-138; Matthew Uttley, “Operation 'Sturgeon’
and Britain’s PostVWar Exploitation of Nazi German Aeronautics,” Intelligence and National Secu-
rity, vol. 17, no. 2 (Sum. 2002), pp. 1-26; M.I. Gurevich, “O Pod’emnoi Sile Strelovidnogo Kryla
v Sverkhzvukovom Potoke,” Prikladnaya Matematika i Mekhanika, vol. 10 (1946), translated by the
NACA as "Lift Force of an Arrow-Shaped Wing,” NACA TM-1245 (1949). Gurevich, cofounder
of the MiG bureau (he is the “G" in "MiG") was subsequently principal aerodynamicist of the MiG-
15, the Soviet Union's swept wing equivalent to the American F-86. For a detailed examination

of F-86 wing development and the influence of German work (particularly Géthert's) upon i, see
Morgan M. Blair, "Evolution of the F-86," AIAA Paper 80-3039 (1980).

33. Pitch-up was of such significance that it is discussed subsequently in greater detail within this essay.
34. First comprehensively analyzed by Max M. Munk in his “Note on the Relative Effect of the
Dihedral and the Sweep Back of Airplane Wings,” NACA TN-177 (1924).
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deflection, it experienced higher drag and loss of lift involving the low-
ered wing, generating a tendency of the airplane to turn (reverse) into
the direction of the raised wing, effectively doing the opposite of what
the pilot intended. Adverse yaw could be caused by aeroelastic effects
as well. That swept wing aircraft would possess behavior characteris-
tics significantly different than conventional straight wing designs did
not come as a surprise to the NACA or other aerodynamic researchers
in America and overseas. But all recognized the need to complement
theory and ground-test methodologies with flight research.

The peculiarities of swept wing aircraft, at a time when early jet air-
craft lacked the power-to-weight advantages of later designs, could—and
often did—prove fatal. For example, Boeing designed the B-47, America’s
first large swept wing aircraft, with pod-mounted engines and a broad,
highly tapered, thin swept wing. During flight-testing at higher speeds,
test pilots found aileron input to roll the aircraft would twist the wing,
the aileron effectively acting as a trim-tab does on a control surface. The
twisted wing would overcome the rolling moment produced by the aile-
ron, rolling the aircraft in the opposite direction. Aeroelastic structural
divergence caused several accidents of the B-47 during its flight-testing
and service introduction, forcing the Air Force to limit its permissible
airspeed to 425 knots, as high as it could be safely flown if roll reversal
were to be avoided. As a result, Boeing built its successors, the XB-52
and the Model 367-80 (prototype for the KC-135 family and inspiration
for the civil 707), with much thicker wing roots and structures that were
torsion resistant but that could still flex vertically to absorb structural
loads and gust-induced loads during flight.3

Confronting Pitch-Up

But the most serious swept wing problem in the early jet era was pitch-
up, a condition affecting both low- and high-speed flight, reflecting
stall onset either from decreasing speed (low-speed pitch-up) or from
trim changes during high-speed flight, particularly during accelerated

35. See John E. Steiner, “Transcontinental Rapid Transit: The 367-80 and a Transport Revolution—
The 1953-1978 Quarter Century,” AIAA Paper 78-3009 (1978), p. 93; John E. Steiner, “Jet Avio-
tion Development: A Company Perspective,” in Walter J. Boyne and Donald H. lopez, eds., The Jet
Age: Forty Years of Jet Aviation (VWashington: Smithsonian Insfitution Press, 1979), pp. 145-148;
and William H. Cook, The Road fo the 707 The Inside Story of Designing the 707 (Bellevue, WA:
TYC Publishing Co., 1991), pp. 145-205.
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maneuvers, such as “wind-up” turns that rapidly increased g-loading
and angle of attack. Pitch-up occurred at the breakpoint in a lift curve,
immediately beyond the peak point where the airplane’s wing was oper-
ating at its highest lift-producing angle of attack, with its lift coefficient
at maximum value. At the breakpoint, the wing would begin stalling,
with flow separation from the airfoil, breaking the circulatory flow pat-
tern around the wing. In ideal circumstances with a straight wing air-
craft, the change in lift would occur simultaneously spanwise across
the wing and would typically trigger a nose drop. But in a swept wing
aircraft, the stall would first begin at the tips and progress inward, the
center of lift shifting forward. As the plane’s longitudinal (nose-up nose-
down) stability decreased, the shifting center of lift would abruptly rotate
the nose upward (hence the use of the expression “pitch-up”), even at a
rate of onset beyond the capabilities of its elevator control surfaces to
correct. As well, of course, since the ailerons that governed lateral con-
trol (roll control) were typically located outboard on a wing, a swept
wing airplane could lose its lateral control authority precisely at a point
when the pilot needed as much control capability and reserve as possi-
ble. Because stall onset is not always triggered uniformly, a swept wing
airplane nearing the pitch-up point could experience sudden loss of lift
on one wing, inducing abrupt rolling motions (called “wing dropping”),
complicating its already dangerous low-speed behavior.

There was, of course, the possibility of overcoming such problems
by sweeping a wing forward, not aft. A forward-swept wing (FSW) had
both desirable high — and low-speed aerodynamic characteristics. Since
the spanwise flow would run from the tips to the fuselage, the outer
portions of the wing would stall last, thus preserving lateral control. As
well, it would have more desirable pitching characteristics. Already, in
the midst of the Second World War, the Germans had flown an exper-
imental bomber, the Junkers Ju 287, featuring a forward swept wing,
and a number of aircraft and missile projects were forecast for such
planforms as well. The forward swept wing, and combined-sweep “M,”
“W,” and even “X” planforms, received a great deal of postwar atten-
tion, both in America and abroad. Researchers at Langley modified wind
tunnel and configuration models of both the XS-1 and D-558 to employ
forward-swept wing planforms, and tested conceptual planforms with
both aft and forward sweep to develop comparison data. But while
the FSW undoubtedly had better low-speed behavior, it had higher
profile drag and posed difficult structural problems for designers. In

21
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the precomposite structure era, an FSW had to be necessarily heavier
than an aft-swept wing to avoid aeroelastic flexing that could inhibit
both good flight performance and even flight safety. Further, the struc-
tural and weight limitations also limited the sweep angles that an FSW
could then have; even as late as the 1960s, when Germany produced
a business aircraft (the Hamburger Flugzeugbau HFB-320 Hansa
Jet), it possessed only modest forward sweep and, though flown suc-
cessfully and built in small numbers, was not a commercial success.
It would take over three decades before the advent of computerized
flight control, composite structures, and a more radical vision of for-
ward sweep application would result in experimental planforms like the
Rockwell Sabrebat FSW design concept, the piloted Air Force-DARPA-
NASA Grumman X-29 (and, in Russia, an X-29-like experimental aircraft,
the Sukhoi Su-37). Even so, and even though forward sweep would be
applied to some weapon systems (for example, the AGM-129 stealthy
cruise missile, where it contributed to its low radar reflectivity),
forward wing sweeping would remain the exception to “normative”
aft-swept wing design practice.3®

Pitch-up was profoundly dangerous. At low speeds in proximity to
the ground, it could—and often did—trigger a disastrous departure and
crash. The recognition of such problems had caused the U.S. Navy to
procure two modified Bell P-63 Kingcobra fighters (designated L-39),
which had their wing panels replaced with 35-degree swept wing sec-
tions, and a fuselage extension to accommodate their now-changed cen-
ter of lift. Not intended for high speeds, these two low-speed swept wing
research aircraft were extensively flown by various contractor, Navy, and
NACA research pilots to assess the basic behavior of the swept wing,
with and without lift-and-control-augmenting devices such as wing
slats and flaps. They quickly encountered its limitations. On one flight
with the plane in “clean” (i.e., slat-free) configuration, Bell Company
test pilot A.M. “Tex” Johnston gradually raised the nose of the plane
while retarding power. After just “a slight tremor” indicating the onset
of asymmetric tip stall, it “instantaneously rolled to an almost inverted

306. See, for example, Richard T. Whitcomb, “An Investigation of the Effects of Sweep on the Char-
acferisfics of a High-AspectRatio Wing in the Langley 8-Ft. High Speed Tunnel,” NACA RMHL6)01a
(1947), conclusion 4, p. 19; Stephen Silverman, “The Next 25 Years of Fighter Aircraft,” AIAA
Paper No. 78-3013 (1978); Glen Spacht, "X-29 Integrated Technology Demonstrator and ATF,”
AIAA Paper No. 83-1058 (1983).
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position.”” Grumman test pilot Corwin “Corky” Meyer recalled that while
the L-39 was “docile” with leading edge slats, without them it “cavorted
like a cat on catnip.”3® The two L-39 aircraft furnished vital insight into
the low-speed performance and limitations of swept wing aircraft, but
they also clearly demonstrated that such aircraft could, in fact, be safely
flown if their wings incorporated careful design and safety devices such
as fixed leading edge slots or movable slats.*

In military aircraft, pitch-up could prevent a pilot from maneuvering
effectively against a foe, could lead to loss of control of the airplane, and
could result in such excessive airframe loadings that an airplane would
break up. It was no respecter of designs, even outstanding ones such as
North American’s evocative F-86 Sabre, generally considered the finest
jet fighter of its time by both American and foreign test pilots. First flown
in October 1947, the Sabre quickly became an internationally recognized
symbol of aeronautical excellence and advancement. When British test
pilot Roland Beamont, a distinguished Royal Air Force fighter ace of the
Second World War, evaluated the Sabre at Muroc Dry Lake in May 1948

37. AM. "Tex" Johnston with Charles Barton, Tex Johnston: JetAge Test Pilot (Washington: Smithson-
ian Institution Press, 1991), p. 105. The designation “1-39" could be taken fo imply that the swept
wing festbeds were modifications of Bell's earlier and smaller P-39 Airacobra. In fact, it was coinci-
dence; the :39s were P-63 conversions, as is evident from examining photographs of the

two -39 aircraft.

38. Corwin H. Meyer, Corky Meyer’s Flight Journal: A Test Pilot's Tales of Dodging Disasters—/ust in
Time (North Branch, MN: Specialty Press, 2006), p. 193.

39. NACAS 1-39 trials are covered in three reports by S.A. Sjoberg and J.P. Reeder: “Flight Mea-
surements of the Lateral and Directional Stability and Control Characteristics of an Airplane Having
a 35° Sweptback Wing with 40-Percent-Span slots and a Comparison with Wind-Tunnel Data,”
NACA TN-1511 (1948); "Flight Measurements of the Longitudinal Stability, Stalling, and Lift Char
acferisfics of an Airplane Having a 35° Sweptback Wing Without Slots and With 40-Percent-Span
Slots and a Comparison with Wind-Tunnel Data,” NACA TN-1679 (1948); and "Flight Measure-
ments of the Stability, Control, and Stalling Characteristics of an Airplane Having a 35° Sweptback
Wing Without Slots and With 80-Percent-Span Slots and a Comparison with Wind-Tunnel Data,”
NACA TN-1743 (1948). The American L:39s were matched by foreign equivalents, most notably
in Sweden, where the Saab company flew a subscale swept wing variant of its conventional Safir
light aircraft, designated the Saab 2071, to support development of its J29 fighter, VWestern Europe's
first production swept wing jet, which first flew in Sept. 1948. Like both the F-86 and MiG-15, it
owed its design largely to German inspiration. Saab researchers were so impressed with what they
had leamed from the 201 that they subsequently flew another modified Safir, the Saab 202, with
a more sharply swept wing planform intended for the company’s next jet fighter, the J32 Lansen
[Lance). See Hans G. Andersson, Saab Aircraft Since 1937 (Washingfon: Smithsonian Institution
Press, 1989), pp. 106, 117.
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(a month after it had dived past the speed of sound, becoming the world’s
first supersonic turbojet airplane), he likewise dived it through Mach
1, thus becoming the first supersonic British pilot. Afterward, he noted
approvingly in his test report, “The P-86 is an outstanding aircraft.”4°
The Sabre’s reputation was such that British authorities (frustrated by
the slow development pace of Albion’s own swept wing aircraft) tell-
ingly referred to it simply as “That Aircraft.” Vickers-Supermarine test
pilot David Morgan recalled, “No British fighter of the day could match
the handling of the North American F-86.”# Indeed, designers from
his company, frustrated by their slow progress turning the experimen-
tal Swift into a decent airplane, even resorted to crude subterfuge in
an effort to unlock the Sabre’s secrets. When a pair of Canadian pilots
landed at the Supermarine plant in their Canadair-built Sabres, com-
pany officials, with apparent generosity, laid on a fancy lunch, driving
them off to a local hotel. While the visiting airmen dined and chatted
with solicitous Supermarine representatives, another team of engineers
“swarmed over the Sabres to study their construction,” marveling at
“this splendid aircraft.”#

Yet however “splendid” “That Aircraft” might otherwise have been,
the Sabre killed unwary pilots by the dozens in accidents triggered by
its low-speed pitch-up tendencies. Apollo 11 astronaut Michael Collins
recalled his introduction to the F-86 at Nellis Air Force Base as “a bru-
tal process. . . . In the eleven weeks I was there, twenty-two people were
killed. In retrospect it seems preposterous to endure such casualty rates
without help from the enemy, but at the time the risk appeared perfectly
acceptable. . . . I'm surprised to have survived. I have never felt quite so
threatened since.”* In over a decade of tests with various Sabre variants

40. XP-86 test report, May 21, 1948, reprinted in Roland Beamont, Testing Early Jets: Compress-
ibility and the Supersonic Era (Shrewsbury: Airlife, 1990), p. 36. Beamont's achievement remained
largely secret; the first British pilot to fly through the speed of sound in a British airplane was John
Derry, who did so in Sept. 1948.

41. Quote from Nigel Walpole, Swift Justice: The Full Story of the Supermarine Swift (Bamsley, UK:
Pen & Sword Books, 2004, p. 38.

42. Charles Burnet, Three Centuries to Concorde (London: Mechanical Engineering Publications
d., 1979), pp. 121, 123.

43. Michael Collins, Carrying the Fire: An Astronaut’s Journeys [New York: Farrar, Straus, and
Giroux, 1974), p. 9. Another Sabre veteran who went through Nellis af the same time recalled fo
the author how he once took off on a training sortie with ominous columns of lingering smoke from

three earlier Sabre accidents.
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to improve their low-speed handling qualities, NACA Ames research-
ers assessed a variety of technical “fixes.” The most beneficial was the
combination of artificial feel (to give the pilot more reassuring higher
maneuvering control forces during the approach-to-landing, combined
with greater inherent stability than possible with a non-artificial-feel sys-
tem), coupled with leading-edge suction to draw off the boundary layer
airflow.** First evaluated on a test rig installed in the Ames 40-foot by
80-foot full-scale wind tunnel, the boundary layer control (BLC) exper-
iment on the F-86 proved most valuable. Ames researchers concluded:
“Leading edge boundary-layer control was most effective in providing a
large reduction in both stalling speed and approach speed together with
an increased margin of lift for flare and maneuvering during the [land-
ing] approach,” an important point, particularly for swept wing naval
aircraft, which had to be controllable down to a landing on the con-
fined deck of an aircraft carrier.*® The trials benefitted not only future
swept wing studies but, more generally, studies of BLC applications for
Vertical/Short Take-Off and Landing (V/STOL) aircraft systems as well.*

Nor were the Sabre’s high-speed pitch-up characteristics innoc-
uous. The NACA flew extensive Sabre evaluations at its High-Speed
Flight Research Station and at Ames to refine understanding of

44. For development of control boost, artificial feel, and control limiting, see Robert G. Mungall,
"Flight Investigation of a Combined Geared Unbalancing-Tab and Servotab Control System as Used
with an All-Movable Horizontal Tail,” NACA TN-1763 [1948); William H. Phillips, “Theoretical
Analysis of Some Simple Types of Acceleration Restrictors,” NACA TN-2574 (1951); R. Porter
Brown, Robert G. Chilion, and James B. Whitten, “Flight Investigation of a Mechanical Feel Device
in an Irreversible Elevator Control System of a Large Airplane,” NACA Report No. 1101 (1952);
James J. Adams and James B. Whitien, “Tests of a Centering Spring Used as an Artificial Feel
Device on the Elevator of a Fighter Airplane,” NACA RML52G16; and Marvin Abramovitz,
Stanley F. Schmidt, and Rudolph D. Van Dyke, Jr., “Investigation of the Use of a Stick Force Propor-
tional fo Pitching Acceleration for Normal-Acceleration Warning,” NACA RMAS53E21 (1953).

45. George E. Cooper and Robert C. Innis, “Effect of Area-Suction-Type Boundary-Layer Control on
the Landing-Approach Characteristics of a 35° SweptWing Fighter,” NACA RMAS5K14 (1957),
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and George E. Cooper, “Preliminary Flight Investigation of the Wing-Dropping Tendency and Lateral
Control Characterisfics of a 35° SweptWing Airplane at Transonic Mach Numbers,” NACA RM-
AS50HO3 (1950); and George A. Rathert, Jr., Howard L. Ziff, and George E. Cooper, “Preliminary
Flight Investigation of the Maneuvering Accelerations and Buffet Boundary of a 35° SweptWing
Airplane af High Alfitude and Transonic Speeds,” NACA RM-AS50L04 (1951).

46. Edwin P. Hartman, Adventures in Research: A History of the Ames Research Center, 1940~
1965, SP-4302 (Washington: NASA 1970), p. 252.
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its transonic pitch-up behavior, which test pilot A. Scott Crossfield
recalled as “violent and dangerous.”* It could easily exceed its design
load factors, sometimes pitching as high as 10 g. At 25,000 feet, in the
very midst of its combat operating envelope (and at lift coefficients less
than its maximum attainable lift) the Sabre’s pitch-up onset was so severe
that g forces once momentarily “blacked out” the test pilot. Overall, after
extensive Ames tests, the early slatted F-86A with a conventional fixed
horizontal stabilizer and movable elevator was judged “unsatisfactory” by
a group of highly experienced fighter test pilots, thanks to its “severe pitch-
up tendencies.” The same group found the later slat-less “6-3” F-86F (so-
called because its wing extended forward 6 inches at the root and 3 inches
at the tip, a modification made by North American based on Korean
war experience) had “moderate” pitch-up tendencies. Because of this,
and because it had an adjustable (not fixed) horizontal stabilizer in
addition to its elevator, the pilots judged the F-86F’s pitch-up behavior
“unsatisfactory but acceptable.”*

Worse swept wing problems plagued the Sabre’s great adversary, the
Soviet MiG-15. Unlike the Sabre, the MiG-15 had a less aerodynamically
pleasing configuration, and its fixed horizontal stabilizer and elevator
combination, located midway up the vertical fin, made it more suscep-
tible to aerodynamic “blanketing” of the tail by the wing and, hence
severe pitch-up problems, as well as limiting its transonic maneuver-
ability (to the Sabre’s advantage). During the Korean war, Sabre pilots
frequently saw MiG pilots eject from otherwise perfectly sound aircraft
that had pitched up during turns, stalled, and entered flat, unrecoverable
spins. Nearly five decades later, Soviet pilot Stepan Mikoyan (nephew of
Anushavan “Artem” Mikoyan, cofounder of the MiG design bureau) con-
ceded that high-speed accelerated stalls often triggered unrecoverable
spins, leading to “a number of ejections and fatal accidents.” Postwar
American testing of a MiG-15 delivered by a defecting North Korean

47. A. Scott Crossfield with Clay Blair, Always Another Dawn: The Story of a Rocket Test Pilot
(Cleveland: World Publishing Co., 1960), pp. 193-194. See also W.C. Williams and A.S.
Crossfield, "Handling Qualities of High-Speed Airplanes,” NACA RML52A08 (1952), p. 3;
Melvin Sadoff, John D. Stewart, and George E. Cooper, “Analytical Study of the Comparative Pitch-
Up Behavior of Several Airplanes and Correlation with Pilot Opinion,” NACA RMAS57D04 (1957).
48. Sadoff, Stewart, and Cooper, “Analytical Study of Comparative Pitch-Up Behavior,” p. 12.

49. S.A. Mikoyan, Stepan Anastasovich Mikoyan: An Autobiography (Shrewsbury: Airlife, 1999),
p. 289.
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pilot confirmed the MiG’s marked vulnerability to pitch-up-induced
stalls and spins; indeed, the defector’s own instructor had been lost in
one such accident. Not surprisingly, when Mikoyan produced the MiG-
17—the lineal successor to the MiG-15—it had a very different outer
wing configuration giving it more benign behavior.*®

Western European swept wing aircraft exhibited similar problems
as their American and Soviet counterparts. For a brief while, influenced
by the Messerschmitt Me 163 Komet and a variety of other German proj-
ects, designers were enthralled with the swept wing tailless configura-
tion, believing it could resolve both the challenges of high-speed flight
and also furnish inherent stability.>! Then, in September 1946, British
test pilot Geoffrey de Havilland perished in an experimental tailless
transonic research aircraft, the de Havilland D.H. 108 Swallow, when
it began an undamped violently divergent longitudinal pitching oscilla-
tion at Mach 0.875, breaking up over the Thames estuary and proving
that the “sound barrier” could bite.>? Subsequently the NACA evaluated
the Northrop X-4, a generally similar American configuration. Tested
at high altitude (and hence, at low dynamic pressure), the X-4 fortu-
nately never “diverged” as violently as the ill-fated D.H. 108. Instead,
as NACA pilot A. Scott Crossfield remembered, at Mach 0.88 “it broke

50. Maj. Gen. H.E. “Tom" Collins, USAF {ret.), “Testing the Russian MiG," in Ken Chilsirom, ed.,
Testing at Old Wright Field (Omaha: Wesichesfer House Publishers, 1991), p. 46.
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cenfer of gravity travel. . . . Although equally good flying qualities can be obtained in either [tailless
or conventional] case, the tailless design is considered more dangerous at very high speeds. For
example, the Me 262 has been taken to a Mach number of 0.86 without serious difficulty, whereas
the Me 163 could not exceed M = 0.82. For the Me 163 . . . it was not considered possible
fundamentally to control the airplane longitudinally past M = 0.82 in view of a sudden diving
moment and complete loss of elevator effectiveness.” See L.E. Root, “Information of Messerschmitt
Aircraft Design,” ltem Nos. 5, 25, File No. XXXI-37, Copy 079 (Aug. 1945), p. 3, Catalog
D52.1Messerschmitt/ 144, in the Wright Field Microfilm Collection, National Air and Space
Museum Archives, Paul E. Garber Restoration Facility, Silver Hill, MD. Focke-Wulf's Hans Multhopp,
designer of the influential Tail sweptwing Ta 183, was even more dismissive. After the war, while
working at the Royal Aircraft Establishment, he remarked that it constituted an “awful fashion;” see
Nahum, “I Believe . . .," in Trischler, et al., ed., Tackling Transport, p. 118. Multhopp later came 1o
America, joining Martin and designing the SV-5 reentry shape that spawned the SV-5D PRIME, the
X-24A, and the X-38.
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into a steady porpoising motion, like an automobile cushioning over a
washboard road.”>* Conventional tailed European swept wing designs
followed the same steep learning curve as American ones. Britain’s
Supermarine Swift, a much-touted design from the builder of the
legendary Spitfire, had a “vicious” transonic pitch-up. By the time it
entered service, it was years late, obsolescent, and useless for any other
role save low-level tactical reconnaissance.>

The Skyrocket: The NACA’s Pitch-Up Platform
Pitch-up afflicted a wide range of early transonic and supersonic jet
fighters, and the NACA was fortunate in having an available research
airplane that could study swept wing behavior across the transonic
regime. This aircraft was the Douglas D-558-2 Skyrocket, “Phase 11" of
the larger D-558 research aircraft program, a Douglas Company ven-
ture begun in 1945 and sponsored by the U.S. Navy and the NACA. The
D-558 program had begun as a companion to the XS-1 effort and repre-
sented a different design approach. Where the XS-1 was rocket powered,
the D-558 Skystreak used a turbojet; where the XS-1 employed an ogi-
val projectile shape with a midwing of 8-percent thickness-chord ratio,
the D-558 used a constant-diameter tube wrapped around an axial-flow
turbojet engine and a low wing of 10-percent thickness-chord ratio; and
where the XS-1 was air launched, the D-558 took off from the ground
as a conventional airplane. Both were straight wing designs, with their
adjustable stabilizers and movable elevators placed midway up their ver-
tical fins. All together, the Navy ordered six D-558 aircraft from the firm.>
Originally, swept wings had not featured in the D-558 program.
Then the discovery by Douglas engineers of a plethora of German tech-
nical reports (coupled with the work of Jones and others in the United
States) caused the Navy, the NACA, and Douglas to modify the D-558

53. Crossfield with Blair, Always Another Dawn, p. 39; Melvin Sadoff and Thomas R. Sisk,
"longitudinal-Stability Characteristics of the Northrop X-4 Airplane (USAF No. 46-677)," NACA
RM-AS50D27 (1950); and Williams and Crossfield, “Handling Qualities of High-Speed Airplanes.”
54. Quote from Walpole, Swift Justice, pp. 58, 66. Walpole, a former Swift pilot, writes affection-
afely but frankly of its strengths and shortcomings. See also Burnet, Three Centuries to Concorde,
pp. 127-128. Burnet was involved in analyzing Swift performance, and his book is an excellent
review of Supermarine and other British efforts af this time.

55. For the origins of the D-558 program, see Richard P. Hallion, Supersonic Flight: Breaking the
Sound Barrier and Beyond—The Story of the Bell X-1 and Douglas D-558 (New York: The Macmil-
lan Co. in association with the Smithsonian Institution, 1972).
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program.*® The last three aircraft were completed as a new swept wing
design. Initially, the planned modification seemed straightforward:
replace the straight wing and tail surfaces with swept ones. In antic-
ipation, Langley tested models of the D-558 with a variety of swept
wings. But the possibility of giving the swept wing D-558 supersonic
performance—something the D-558 straight wing lacked—resulted in a
more radical redesign. Gone was the simple Pitot intake inlet. Instead,
designer Edward “Ed” Heinemann and his team chose an ogival body
shape resembling the XS-1. The new 35-degree slat-equipped swept wing
was relocated to midfuselage position and given anhedral (droop), with
the landing gear relocated into the fuselage. In contrast to the original
single-engine D-558s, the new swept wing design featured both a 6,000-
pound thrust rocket engine and a small turbojet. Thus recast, it received
the designation D-558-2 and the name Skyrocket, to distinguish it from
the straight wing Skystreak, itself redesignated D-558-1. The result was
one of the most elegant and significant aircraft of all time.

The first D-558-2 flew in February 1948, though initial flight tests
gave little hint of how remarkably versatile and successful it would
prove. At max takeoff weight, it was so underpowered (and thus so slug-
gish) that it needed four solid-fuel jettisonable assistance takeoff (JATO)
rockets to help kick it aloft. Eventually, the Navy and the NACA would
arrange to take the second and third Skyrockets and modify them for air
launch from a modified PB2-1S (Navy B-29) Superfortress, dramatically
improving both their safety and high-speed performance; fuel previously

56. Particularly Bernard Géthert's “Hochgeschwindigkeitmessungen an einem Pleilfligel (Pfeilwin-
kel ¢ = 35°)," in the previously cited Lilienthal-Gesellschaft, Allgemeine Strémungsforschung, pp.
30-40, subsequently translated and issued by the NACA as “High-Speed Measurements on a
SweptBack [sic] Wing (Sweepback Angle ¢ = 35°)," NACA TM-1102 (1947), which directly
influenced design of the 35-degree swept wings employed on the F-86, the B-47, and the D-558-2.
Gothert, incidentally, used NACA airfoil sections for his studies, another example of the Agency’s
pervasive international influence. At war's end he was in Berlin; when ordered fo report to Russian
authorities, he instead fled the city, making his way back to Gétingen, where he met Douglas
engineer Apollo M.O. Smith, with the Naval Technical Mission to Europe. Smith arranged for him to
immigrate to the United States, where he had a long and influential career, rising to Chief Scientist
of Air Force Systems Command, a position he held from 1964 to 1966. See Tuncer Cebeci, ed.,
legacy of a Gentle Genius: The Life of A.M.O. Smith {Long Beach: Horizons Publishing, Inc.,
1999), p. 32. | acknowledge with grateful appreciation notes and correspondence received

from members of the D-558 design team in 1971-1972, including the late Edward Heinemann,

L. Eugene Root, AM.O. Smith, Kermit Van Every, and Leo Devlin, illuminating the origins of the
Skystreak and Skyrocket programs.
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spent climbing aloft could now be more profitably expended exploring the
transonic and supersonic regimes. While the third aircraft retained its jet
and rocket engine, the second had its jet engine removed and additional
tanks for rocket propellant and oxidizer installed. Thus modified, the
second aircraft reached Mach 2.01 in November 1953, flown by Scott
Crossfield, the first piloted Mach 2 flight, having earlier attained an alti-
tude of 83,235 feet, piloted by Lt. Col. Marion Carl, a noted Marine aviator.
Eventually, the NACA received the first D-558-2 as well (which Douglas had
employed for contractor testing). The Agency modified it as an all-rocket
aircraft, though it only completed a single check flight before being retired.

Before all-rocket modification, the second Skyrocket introduced
Agency pilots to the hazards of pitch-up. On August 8, 1949, during its
seventh flight, pilot Robert Champine banked into a 4 g turn at Mach
0.6, and the Skyrocket violently pitched up, reaching 6 g. It responded
rapidly to full-down elevator, and Champine made an uneventful (if pru-
dently precautionary) landing. Thereafter, until returning the airplane
to Douglas for all-rocket modification in 1950, the NACA flew extensive
pitch-up investigations with it. In November, pilot John Griffith repli-
cated the 4 g and Mach 0.6 pitch-up that Champine had experienced
earlier. This time, however, he attempted to continue flying to more fully
assess the Skyrocket’s behavior. Thus challenged, it snap-rolled on its
back. After recovering, Griffith probed its low-speed behavior, gradually
slowing, with flaps and gear extended and wing slats closed. At 14,000
feet and 130 mph, the Skyrocket pitched up, rolling into a spin, and los-
ing 7,000 feet of altitude before its pilot could recover.>” Clearly its ugly
behavior did not match its alluring form.

Focused on extending the Skyrocket’s performance into the super-
sonic regime by modifying the second aircraft as a pure rocket plane,
the NACA turned to the third aircraft, which retained its jet engine as
well as its rocket, for future pitch-up research. Air-launched, the jet-and-
rocket Skyrocket had tremendous research productivity; it could accelerate

57. Hallion, Supersonic Flight, pp. 151-152, based upon D-558 biweekly progress reports. As
well, | thank the late Robert Champine for his assistance to my research. See also S.A. Sjoberg and
R.A. Champine, “Preliminary Flight Measurements of the Static Longitudinal Stability and Stalling
Characterisfics of the Douglas D-558-1 Research Airplane (BuAero No. 37974)," NACA RM-
LOH31a (1949); W.H. Stillwell, J.V. Wilmerding, and R.A. Champine, “Flight Measurements with
the Douglas D-558I (BuAero No. 37974) Research Airplane low-Speed Stalling and Lift Charac-
teristics,” NACA RM-L50G 10 (1950).
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Leading-edge wing chord extensions tested on the third D-558-2 Skyrocket, one of many com-
binations of flaps, slats, fences, and extensions evaluated in the NACA's 6-year-long study of
the Skyrocket's pitch-up behavior. NASA.

into the supersonic regime, above Mach 1.1, and its jet engine enabled it
to “loiter” in the transonic region, making repeated data-gathering runs.
Its comprehensive instrumentation package enabled assessment of loads,
pressure distributions, and accelerations, evaluated against background
data on flight conditions, aircraft attitude, and control surface position
and forces. Between the end of 1950 and the fall of 1956, it completed 66
research flights on pitch-up and associated transonic phenomena, includ-
ing the evaluation of the effects external wing stores—tanks and bomb
shapes—had on aircraft performance. It evaluated a variety of proposed
aerodynamic solutions and fixes to resolve the pitch-up problem, includ-
ing various wing fence designs to “channel” airflow and inhibit the char-
acteristic spanwise-flow (flow toward the wingtips) found with swept wing
planforms, various combinations of slat and flap position, changes to lead-
ing edge shape, and “sawtooth” leading edge extensions on its outer wing
panels. All of this testing reinforced what engineers suspected, namely
that no one overall technical fix existed that could resolve the pitch-up
challenge. Rather, swept wing aircraft design was clearly situational, and,
depending on the mission of the aircraft and its resulting design, combina-
tions of approaches worked best, chief among them being low placement of
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the horizontal tail, below the chord-line of the wing, coupled with provision
of stability augmentation and pitch-damping flight control technology.>

Ensuring Longitudinal Control: Transforming the Horizontal Tail
Though not seemingly connected to the swept wing, the researching and
documenting of the advantages of low-placed horizontal tail surfaces con-
stituted one of the major NACA postwar contributions to flight, one dra-
matically improving both the safety and flight performance of swept wing
designs. As a consequence, the jet fighter and attack aircraft of 1958 looked
very different than did the initial jet (and rocket) aircraft of the imme-
diate postwar era. Then, high-speed aircraft designers had emphasized
tailless planforms, or ones in which the horizontal tail was well up the
vertical fin (for example, both the XS-1 and the D-558 families). A decade
later, aircraft introduced into test or service—such as the Vought F8U-1
Crusader, the Republic F-105B Thunderchief, the Grumman F11F-1 Tiger,
the McDonnell F4H-1 Phantom II, the North American A3J-1 Vigilante,
and the Northrop N-156 (progenitor of both the T-38 supersonic trainer
and the F-5 lightweight fighter)—shared common characteristics: irre-
versible power-operated flight controls, stability augmentation, and damp-
ing, large vertical fins for enhanced directional stability, area-ruling, and
low-placed, all-moving tails. Foreign aircraft exhibited similar features:
for example, the MiG-21, Folland Gnat, and English Electric Lightning.
Aircraft lacking such features manifested often-perilous behavior.
The Douglas XF4D-1 Skyray, a graceful rounded delta, had a sudden
transonic pitch change reflecting its legacy of Messerschmitt-inspired
tailless aerodynamic design. During one test run to Mach 0.98, it pitched

58. Jack Fischel and Jack Nugent, “Flight Determination of the Longitudinal Stability in Accelerated
Maneuvers at Transonic Speeds for the Douglas D-558-1 Research Airplane Including the Effects of
an Outboard Wing Fence,” NACA RM-L53A16 (1953); Jack Fischel, “Effect of Wing Slats and
Inboard Wing Fences on the Longitudinal Stability Characteristics of the Douglas D-558II Research
Airplane in Accelerated Maneuvers at Subsonic and Transonic Speeds,” NACA RML53L16
(1954); Jack Fischel and Cyril D. Brunn, “Longitudinal Stability Characteristics in Accelerated
Maneuvers at Subsonic and Transonic Speeds of the Douglas D-5581 Research Airplane Equipped
with a leading-Edge Wing Chord-Extension,” NACA RM-H54H16 (1954); M. Queijo, Byron M.
Jaquet, and Walter D. Wolmart, “Wind-Tunnel Invesfigation af Low Speed of the Effects of Chord-
wise Wing Fences and HorizontalTail Position on the Static Longitudinal Stability Characteristics of
an Airplane Model with a 35° Sweptback Wing,” NACA Report 1203 (1954); Jack Fischel and
Donald Reisert, “Effect of Several Wing Medifications on the Subsonic and Transonic Longitudinal
Handling Qualities of the Douglas D-558- Research Airplane,” NACA RM-H56C30 (1956).
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up so violently that test pilot Robert Rahn blacked out, becoming one
of the first pilots to experience sudden g-induced loss-of-consciousness
(g-loc). Fortunately, he recovered and returned safely, the battered plane
now marred by prominent stress-induced wrinkles, giving it a prunelike
appearance.®® When Grumman entered the transonic swept wing era, it
did so by converting its conventional straight wing FOF-5 Panther into a
swept wing design, spawning the FOF-6 Cougar. (The use of an identical
prefix—“F9F”—indicates just how closely the two aircraft were related.)
But the Cougar’s swept wing, midplaced horizontal tail, and thick wing
section (inherited from the firmly subsonic Panther) were ill matched.
The new Cougar had serious pitch-up and departure characteristics at
low and high speeds, forcing redesign of its wing before it could be intro-
duced into fleetwide service. Even afterward, however, it retained some
unpleasant characteristics, particularly a restricted angle-of-attack range
during carrier landing approaches that gave the pilot only a small maneu-
ver margin before the Cougar would become unstable. Well aware of the
likely outcome of stalling and pitching up in the last seconds of flight prior
to “trapping” on a carrier, pilots opted to fly faster, though the safety they
gained came at the price of less-precise approaches with greater risk of
“wave-offs” (aborted landings) and “bolters” (touching down beyond the
cables and having to accelerate back into the air).®

McDonnell's XF-88, a beefy twin-engine jet fighter prototype from
the late 1940s, was placed on hold while more powerful engines were
developed. When finally ordered into development in the early 1950s as
the F-101 Voodoo, it featured a T-tail, a most unwise choice. Acceptable
on airliners and transports, the T-tail was anathema for high-perfor-
mance jet fighters. The Voodoo experienced serious pitch-up problems,
and the cure was less a “fix” than simply a “patch”: McDonnell installed

59. Robert O. Rahn, "XF4D Skyray Development: Now It Can Be Told,” 22nd Symposium, Society
of Experimental Test Pilots, Beverly Hills, CA, Sept. 30, 1978; and Edward H. Heinemann and
Rosario Rausa, Ed Heinemann: Combat Aircraft Designer [Annapolis: Naval Insfitute Press, 1980),
p. 192. Years later, another Skyray pilot at the Naval Air Test Center experienced a similar mishap,
likewise making a nearmiraculous recovery; the plane was so badly sfressed that it never flew again.
60. Meyer, Flight Journal, pp. 196-198; he was nearly killed on one low-altitude low-speed pitch-up
that ended in a nearfatal spin. The Cougar's approach behavior resulted in a Langley research pro-
gram flown using a FOF-7 variant, which highlighted the need for more powerful, responsive, and con-
trollable aircraft, such as the later McDonnell FAH-1 Phantom I. See Lindsay J. Lina, Garland J. Morris,
and Robert A. Champine, “Flight Investigation of Factors Affecting the Choice of Minimum Approach
Speed for CarrierType Landings of a Swept\Wing Jet Fighter Airplane,” NACA RML57F13 (1957).
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a stick-kicker that would automatically push the stick forward as angle
of attack increased and the Voodoo approached the pitch-up point.
Wisely, for their next fighter project (the superlative F4H-1 Phantom II),
McDonnell designers lowered the horizontal tail location to the base
of the fin, giving it a characteristically distinctive anhedral (droop).®!
Better yet, however, was placing the horizontal tail below the line of
the wing chord, which, in practical terms, typically meant at the base of
the rear fuselage, and making it all-moving as well. In 1947, even before the
first supersonic flights of the XS-1, NACA Langley researchers had evalu-
ated a wind tunnel model of the proposed Bell XS-2 (later X-2) with a low-
placed horizontal tail and a ventral fin, though (unfortunately, given its
history as related subsequently) Bell completed it with a more conventional
layout mirroring the XS-1’s midfin location.®? The now-classic jet age low,
all-moving “stabilator” tail was first incorporated on the North American
YF-100A Super Sabre, the first of the “Century series” of American fighters.
The low all-moving tail reflected extensive NACA research dating
to the midst of the Second World War. While the all-moving tail surface
had been a standard feature of early airplanes such as the German Fokker
Eindecker (“Monoplane”) and French Morane Bullet fighters of the “Great
War,” the near constant high workload it made for a pilot caused it to fall

61. Robert C. litfle, “Voodoo! Testing McAir's Formidable F-101," Air Power History, vol. 41, no.

1 (spring 1994, pp. 6~7. In Britain, designer George Edwards likewise added anhedral (though
more modest than the Phanfom's) to the Supermarine Scimitar, another pitch-up plagued swept wing
fighter. See Robert Gardner, From Bouncing Bombs to Concorde: the Authorised Biography of Avia-
tion Pioneer Sir George Edwards OM (Stroud, UK: Sutton Publishing, 20006), p. 125. Though not
per se a swept wing aircraft, the Lockheed F-104 Starfighter, another Hail design, likewise experienced
taitblanketing and consequent pitch-up, necessitating installation of a stickkicker and imposing of limita-
tions on high angle-of-attack maneuvering. At the time of its design, the benefits of a low-placed fail
were already recognized, and it is surprising that Clarence “Kelly” Johnson, lockheed's legendary
designer, did not incorporate one. Certainly afterward, he recognized ifs value, for when, in 1971,

he proposed a lineal derivative of the F-104, the Cl-1200 Lancer [subsequently designated the X-27
but never built and flown), as a lightweight NATO export fighter, it featured a low, not high, alkmoving
horizontal fail. For X-27 see Jay Miller, The X-Planes: X-1 to X-45 (Hinckley, UK: Midland Publishing,
2001}, pp. 284-289.

62. See Joseph Weil, Paul Comisarow, and Kenneth W. Goodson, “longitudinal Stability and
Control Characferistics of an Airplane Model Having a 42.8° Sweptback CircularArc Wing with
Aspect Ratio 4.00, Taper Ratio 0.60, and Sweptback Tail Surfaces,” NACA RM-L7G28 (1947).
Considerable debate likewise existed on whether the XS-2 should have a shouldermounted wing
with anhedral, a midwing (like the XS-1) without any dihedral or anhedral, or a low wing with or
without dihedral. Bell opted for a low wing with slight dihedral.
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from grace, in favor of a fixed stabilizer and movable elevator surface. But
by the early 1940s, NACA researchers recognized “its possible advantages
as a longitudinal control for flight at high Mach numbers.”®* Accordingly,
researchers at the Langley Memorial Aeronautical Laboratory modi-
fied an experimental Curtiss XP-42 fighter on loan from the Army Air
Forces by removing its conventional horizontal tail surfaces and replac-
ing them with an all-moving tail plane hinged at its aerodynamic cen-
ter and controlled by a trailing edge servotab. Initial tests during turns
at 200 mph proved disappointing, with pilots finding the all-moving sur-
face too sensitive and its control forces too light (and thus dangerous, for
they could easily subject the airplane to excessive maneuvering loads)
and demanding continuous attention particularly in choppy air. So the
XP-42 was modified yet again, this time with a geared, not servotab, con-
trol mechanism. If not perfect, the results were much better and more
encouraging, with pilots now having the kind of variation in stick force
to give them feedback on how effectively they were controlling the air-
plane.® Recognizing that the all-moving tail could substantially increase
longitudinal control authority in the transonic region, NACA research-
ers continued their study efforts into the postwar years, encouraged by
initial flight-test results of the Bell XS-1, which began approaching
higher transonic Mach numbers in the fall of 1946. Though its adjustable
horizontal stabilizer with a movable elevator constituted an admittedly
interim step on the path to an all-moving surface, the XS-1’s excursions
through the speed of sound generated convincing proof that designers
could dramatically increase transonic longitudinal control authority
via an all-moving tail >

63. Harold F. Kleckner, “Preliminary Flight Research on an Al-Movable Horizontal Tail as a Longitu-
dinal Contfrol for Flight at High Mach Numbers,” NACA ARRL5CO8 (Mar. 1945), p. 1.

64. Harold F. Kleckner, “Flight Tests of an All-Movable Horizontal Tail with Geared Unbalancing
Tabs on the Curtiss XP-42 Airplane,” NACA TN-1139 (1946).

65. Hubert M. Drake and John R. Carden, “Elevator-Stabilizer Effectiveness and Trim of the X-1
Airplane to a Mach Number of 1.06,” NACA RML50G20 (1950). Despite the 1950 publication
date, this report covers the results of XS-1 testing from Oct. 1946 through the first supersonic flight
to M= 1.06 on Oct. 14, 1947 European designers recognized the value of such a fail layout as
well. The Miles M.52, a jetpowered supersonic research airplane infemperately canceled by the
British Labour government, would have incorporated similar surfaces; “This unfortunate decision,”
Sir Roy Fedden wrote a decade later, “cost us at least fen years in aeronautical progress.” See

his Britain’s Air Survival: An Appraisement and Strategy for Success [London: Cassell & Co., lid.,
1957), p. 20.
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Tail location—midfin (as in the XS-1 and D-558), at the base of the
fin (as with the F-86 and most other jet aircraft), or high (as with the
T-tail F-101)—was another significant issue. German wartime research
had favored no tail surfaces or, at the other extreme, high T-tails—for
example, the DFS 346 supersonic research aircraft under development
at war’s end or the proposed Focke-Wulf Ta 183 swept wing jet fighter
(which influenced the design of the MiG-15 and early Lavochkin swept
wing jet fighters and a proposed British supersonic research aircraft).
But the pitch-up problems encountered by the Skyrocket and even the
F-86, as angle of attack increased, argued powerfully against such loca-
tions. In 1949, coincident with the Air Force and North American begin-
ning development of the Sabre 45, a 45-degree swept wing successor to
the F-86, Jack D. Brewer and Jacob H. Lichtenstein, two researchers at
Langley, undertook a series of studies of tail size, length, and vertical
location using the Langley stability tunnel and a model having 45-degree
swept wing and tail surfaces. Their research demonstrated that placing
a tail well aft of the wing and along the fuselage centerline (as viewed
from the side) improved longitudinal stability and control.®® Building
upon their work, Langley researchers William Alford, Jr., and Thomas
Pasteur, Jr., ran an investigation in the Langley 7-foot by 10-foot high-
speed tunnel to determine aspect ratio and location effects on the lon-
gitudinal stability of a swept wing model across the transonic regime
from Mach 0.80 to Mach 0.93. “The results,” they subsequently reported
in 1953, “indicted that, within the range of variables considered, the
most favorable pitching-moment characteristics at a Mach number of
0.90 were obtained by locating the tail below the wing-chord plane.”¢’
Compared to this, other changes were inconsequential.

Flight tests at Ames in 1952 of a North American YF-86D (an inter-
ceptor variant of the F-86) specially modified with a low-placed horizon-
tal tail, confirmed the Langley test results. As researchers noted, “The

66. Jack D. Brewer and Jacob H. Lichtenstein, “Effect of Horizontal Tail on low-Speed Static Lateral
Stability Characteristics of a Model Having 45° Sweptback Wing and Tail Surfaces,” NACA TN-
2010 (1950); and Jacob H. lichtenstein, “Experimental Determination of the Effect of HorizontalTail
Size, Tail Length, and Vertical Location on Llow-Speed Static Longitudinal Stability and Damping in
Pitch of a Model Having 45° Sweptback Wing and Tail Surfaces,” NACA Report 1096 (1952).
67. William J. Alford, Jr., and Thomas B. Pasteur, Jr., “The Effects of Changes in Aspect Ratio and
Tail Height on the Longitudinal Stability Characteristics af High Subsonic Speeds of a Model with a
Wing Having 32.6° Sweepback,” NACA RML53L09 (1953), p. 1.
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test airplane, while having essentially the same unstable airplane static
pitching moments as another version of this airplane [the F-86A] with an
uncontrollable pitch-up, had only a mild pitch-up which was easily con-
trollable,” and had a nearly 40-percent increase in stabilizer and elevator
effectiveness at transonic speeds.®® The prototype YF-100 Super Sabre,
first flown in May 1953, incorporated the fruits of this research. Next came
the Vought XF8U-1 Crusader and the Republic YF-105 Thunderchief, and
thereafter a plethora of other types. Aviation had returned full circle to
the technology with which powered, controlled flight had begun: back to
pivoted all-moving pitch-control surfaces of a kind the Wrights and other
pioneers would have immediately recognized and appreciated.

Inertial Coupling: Dangerous Byproduct of High-Speed Design
The progression of aircraft flight speeds from subsonic to transonic and
on into the supersonic changed the proportional relationship of wing to
fuselage. As speed rose, the ratio of span to fuselage length decreased.
At the onset of the subsonic era, the Wright Flyer had a wingspan-to-
fuselage length ratio of 1.91. The SPAD XIII fighter of World War I was
1.30. The Second World War’s P-51D decreased to 1.14. Then came the
supersonic era: the XS-1 was 0.90. In 1953, the F-100A, lowered the ratio
to 0.80, and the F-104A of 1954 cut this in half, to 0.40. The radical X-3
had a remarkably slender wingspan-to-fuselage length ratio of just 0.34:
not without reason was it nicknamed the “Stiletto.” But while the dra-
matic increase in fuselage length at the expense of span spoke to the
need to reduce wing-aspect ratio and increase fuselage fineness ratio to
achieve idealized supersonic shaping, any resulting aerodynamic benefit
came only at the price of significant performance limitations and risk.
Increasing fuselage length while reducing span dramatically changed
the mass distribution of these new designs: whereas earlier airplanes
had most of their mass concentrated along the span of their wings, as
the wing-fuselage ratio changed from well above 1.0 to well below this
figure, the distribution of mass shifted to along the fuselage. Since a
long forward fuselage inherently reduces directional stability, and since
the small low aspect ratio wings of these airplanes reduced their roll
stability, a potentially deadly mix of technical circumstances existed to

68. Norman M. McFadden and Donovan R. Heinle, “Flight Investigation of the Effects of Horizon-
talTail Height, Moment of Inertia, and Control Effectiveness on the Pitch-up Characteristics of a 35°
SweptWing Fighter Airplane at High Subsonic Speeds,” NACA RM-AS4F21 (1955).
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produce a major crisis: the onset of transonic and supersonic inertial
coupling, also termed roll-coupling.

William Hewitt Phillips of the NACAs Langley laboratory had first
forecast inertial coupling. His pronouncement sprang from a fortuitous
experience while supervising tests of a large XS-1 “falling body” model in
the summer of 1947. The model (dropped from a high-flying B-29 over a
test range near Langley to assess XS-1 elevator control effectiveness as it
approached Mach 1) incorporated a simple autopilot and was intended
to rotate slowly as it fell, so as to maintain a “predictable trajectory.”®
But after the drop, things went rapidly awry. The model experienced
violent pitching and rapid rolling “well below” the speed of sound and
fell so far from its planned impact point that it literally disappeared
from history. But optical observations, coupled with telemetric data,
led Phillips to conclude that “some kind of gyroscopic effect” had taken
place. Intrigued, he drew upon coursework from Professors Manfred
Rauscher and Charles Stark Draper of the Massachusetts Institute of
Technology, using the analogy of the coupling dynamics of a rotating
rod. He substituted the values obtained from the falling XS-1 model,
discovering that “the results clearly showed the possibility of a diver-
gent motion. . . . The instability was likely to occur when the values of
longitudinal stability and directional stability were markedly differ-
ent and when a large amount of the weight was distributed along the
fuselage.””® Hewitt subsequently published a seminal NACA Technical
Note in 1948, which presciently concluded: “Design trends of very high-
speed aircraft, which include short wing spans, fuselages of high density,
and flight at high altitude, all tend to increase the inertia forces due to
rolling in comparison with the aerodynamic restoring forces provided
by the longitudinal and directional stabilities. It is therefore desirable
to investigate the effects of rolling on the longitudinal and directional
stabilities of these aircraft. . . . The rolling motion introduces coupling
between the longitudinal and lateral motion of the aircraft.””! Out of

69. W. Hewitt Phillips, Journey in Aeronautical Research: A Career at NASA Langley Research
Center, No. 12 in the Monographs in Aerospace History Series (VWashington: NASA, 1998),

p. 70; for an excellent survey, see Richard E. Day, Coupling Dynamics in Aircraft: A Historical
Perspective, SP-532 [Washington: NASA, 1997).

70. Phillips, Journey in Aeronautical Research, p. 72.

71. William H. Phillips, “Effect of Steady Rolling on Longitudinal and Directional Stability,” NACA
TN1627 (1948), pp. 1-2.
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this came the expression “inertial coupling” and its more descriptive
equivalent, “roll-coupling.” Phillips continued his research on roll-cou-
pling and rolling maneuvers in accelerated flight, noting in 1949 that
high-speed rolls could generate “exceptionally large” sideslip loads
on a vertical fin that might risk structural failure. He concluded: “The
provision of adequate directional stability, especially at small angles
of sideslip, in order to prevent excessive sideslipping in rolls at high
speed is therefore important from structural considerations as well as
from the standpoint of providing desirable flying qualities.”??

In the summer of 1952, as part of an investigation effort studying
coupled lateral and longitudinal oscillations, researchers at the NACA’s
Pilotless Aircraft Research Division at Wallops Island, VA, fired a series
of large rocket-boosted swept wing model airplanes. Spanning over
3 feet, but with a length of nearly 6 feet, they had the general aero-
dynamic shape of the D-558-2 as originally conceived: with a slightly
shorter vertical fin. These models accelerated to supersonic speed
and then, after rocket burnout and separation, glided onward while
onboard telemetry instrumentation relayed a continuous stream of key
performance and behavior parameters as they decelerated through the
speed of sound before diving into the sea. On August 6, 1952, techni-
cians launched one equipped with a small pulse rocket to deliberately
destabilize it with a timely burst of rocket thrust. After booster burn-
out, as the model decelerated below Mach 1, the small nose thruster
fired, inducing combined yawing, sideslip, and rolling motions. But
instead of damping out, the model swiftly went out of control, as if a
replay of the XS-1 falling body test 5 years previously. It rolled, pitched,
and yawed until it plunged into the Atlantic, its death throes caught
by onboard instrumentation and radioed to a NACA ground station.
If dry, the summary words of the resulting test report held ominous
import for future flight-testing of full-size piloted aircraft: “From the
flight time history of a rocket-propelled model of a representative 35°
sweptback wing airplane, it is indicated that coupled longitudinal
motions were excited and sustained by pure lateral oscillations. The
resulting longitudinal motions had twice the frequency of the lateral
oscillations and rapidly developed lift loads of appreciable magnitude.
The longitudinal moments are attributed to two sources, aerodynamic

72. William H. Phillips, “Appreciation and Prediction of Flying Qualities,” NACA Report No. 927
(1949), p. 32.
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moments due to sideslip and inertial cross-coupling. The roll charac-
teristics are indicated to be the predominating influence in the inertial
cross-coupling terms.””?

Two model tests, 5 years apart, had shown that roll coupling was
clearly more than a theoretical possibility. Shortly thereafter it turned
into an alarming reality when the Bell X-1A, North American YF-100
Super Sabre, and Douglas X-3 entered flight-testing. Each of these encoun-
tered it with varying degrees of severity. The first to do so was the Bell
X-1A, a longer, more streamlined, and more powerful derivative of the
original XS-1.7* The X-1A arrived at Edwards in early 1953, flew a brief
contractor program, and then entered Air Force evaluation in November.
On December 12, 1953, test pilot Charles E. “Chuck” Yeager nearly died
when it went out of control at Mach 2.44 at nearly 80,000 feet. In the low
dynamic pressure (“low q” in engineering parlance) of the upper atmo-
sphere, a slight engine thrust misalignment likely caused it to begin a
slow left roll. As Yeager attempted to control it, the X-1A rolled rapidly
to the right, then violently back to the left, tumbling completely out of
control and falling over 50,000 feet before the badly battered Yeager man-
aged to regain control. Gliding back to Edwards, he succinctly radioed:
“You know, if I'd had a seat, you wouldn't still see me in this thing.””
Afterward, NACA engineers concluded that “lateral stability difficulties
were encountered which resulted in uncontrolled rolling motions of the
airplane at Mach numbers near 2.0. Analysis indicates that this behav-
ior apparently results from a combination of low directional stability

73. James H. Parks, "Experimental Evidence of Sustained Coupled Longitudinal and Lateral Oscil
lations from a RocketPropelled Model of a 35° Swept Wing Airplane Configuration,” NACA
RML54D15 (1954). For more on Wallops tesfing, see Joseph A. Shortal, A New Dimension:
Wallops Island Flight Test Range: The First Fifteen Years, RP-1028 (Washington: NASA, 1978), pp.
256-257. For the record, the wingspantofuselage ratio of the model was 0.59, significantly lower
than the XS-1.

74. It is worth nofing that the advanced X-1A (and X-1B and X-1D) had o wingspantofuselage
length rafio of 0.79, compared to the 0.90 XS-1, the drop model of which first encountered inertial
coupling. Their longer fuselage forebody likewise contributed even further to their tendency toward
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and damping in roll.”’® The predictions made in Phillips’s 1948 NACA
Technical Note had come to life, and even worse would soon follow.

By the time of Yeager’s harrowing X-1A flight, the prototype YF-100,
having first flown in May 1953, was well into its flight-test program. North
American and the Air Force were moving quickly to fulfill ambitious pro-
duction plans for this new fighter. Yet all was not well. The prototype
Super Sabre had sharply swept wings, a long fuselage, and a small ver-
tical fin. While fighter pilots, entranced by its speed, were enthusiastic
about the new plane, Air Force test pilots were far less sanguine, noting
its lateral-directional stability was “unsatisfactory throughout the entire
combat speed range,” with lateral-directional oscillations showing “no
tendency to damp at all.””” Even so, in the interest of reducing weight
and drag, North American actually shrank the size of the vertical fin for
the production F-100A, lowering its height, reducing its area and aspect
ratio, and increasing its taper ratio. The changes further cut the direc-
tional stability of the F-100A, by some estimates as much as half, over the
YF-100.7 The first production F-100As entered service in the late sum-
mer of 1954. Inertial coupling now struck with a vengeance. In October
and November, two accidents claimed North American’s chief test pilot,
George “Wheaties” Welch, and Royal Air Force Air Commodore Geoffrey
Stephenson, commander of Britain’s Central Fighter Establishment.
Others followed. The accidents resulted in an immediate grounding while
the Air Force, North American, and the NACA crafted complementary
research programs to analyze and fix the troubled program.™

Then, in the midst of the F-100’s travail, inertial coupling struck the
Douglas X-3. First flown in October 1952, the X-3 had vestigial straight
wings and tail surfaces joined to a missile-like fuselage. Though it was

76. Hubert M. Drake and Wendell H. Stillwell, “Behavior of the Bell X-1A Research Airplane During
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the most highly streamlined airplane of its time, mediocre engines con-
founded hopes it might achieve Mach 2 speeds, and it never flew faster
than Mach 1.21, and that only in a dive. The NACA acquired it for research
in December 1953, following contractor flights and a brief Air Force eval-
uation. On October 27, 1954, during its 10th NACA flight, test pilot Joseph
A. Walker initiated an abrupt left aileron roll at Mach 0.92 at 30,000 feet.
The X-3 pitched up as it rolled, sideslipping as well. After it returned to
stable flight, Walker initiated another left roll at Mach 1.05. This time, it
responded even more violently. Sideslip angle exceeded 21 degrees, and
it reached -6.7 g during a pitch-down, immediately pitching up to over
7 g. Fortunately, the wild motions subsided, and Walker, like Yeager
before him, returned safely to Earth.’° With the example of the X-1A, the
F-100A, and the X-3, researchers had conclusive proof of a newly emer-
gent crisis imperiling the practical exploitation of the high-speed frontier.

The F-100A raised the most concern, for it was the first of an entire
new class of supersonic fighter aircraft, the “Century series,” with which
the United States Air Force and at least some of its allies hoped to
reequip. Welch’s F-100A had sideslipped and promptly disintegrated
during a diving left roll initiated at Mach 1.5 at 25,000 feet. As Phillips
had predicted in 1949, the loads had proven too great for the fin to with-
stand (afterward, North American engineers “admitted they had been
naive in estimating the effects of reducing the aspect ratio and area of
the YF-100 prototype tail”).8! Curing the F-100’s inertial coupling prob-
lems took months of extensive NACA and Air Force flight-testing, much
of it very high-risk, coupled with analytical studies by Langley personnel
using a Reeves Electronic Analogue Computer (REAC), an early form
of a digital analyzer. During one roll at Mach 0.7 (and only using two-
thirds of available aileron travel), NACA test pilot A. Scott Crossfield
experienced “a large yaw divergence accompanied by a violent pitch-
down . . . which subjected the airplane to approximately —4.4g vertical
acceleration.”® Clearly the F-100A needed significant redesign: the Super

80. NACA High-Speed Flight Station, “Flight Experience with Two High-Speed Airplanes Having
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Sabre’s accidents and behavior (and that of the X-3 as well) highlighted
that streamlined supersonic aircraft needed greatly increased tail area,
coupled with artificial stability and motion damping, to keep sideslip
from developing to dangerous values. North American subsequently
dramatically increased the size of the F-100’s vertical fin, increased its
wingspan by 2 feet (to shift the plane’s center of gravity forward), and
incorporated a yaw damper to control sideslip. Though the F-100 sub-
sequently became a reliable fighter-bomber (it flew in American service
for almost a quarter century and longer in foreign air arms), it remained
one that demanded the constant attention and respect of its pilots.3?
Inertial coupling was not, of course, a byproduct of conceptualizing
the swept and delta wings, nor was it limited (as the experience of the
XS-1 falling model, X-1A, and X-3 indicated) just to aircraft possessing
swept or delta planforms. Rather, it was a byproduct of the revolution
in high-speed flight, reflecting the overall change in the parametric rela-
tionship between span and length that characterized aircraft design in
the jet age. Low aspect ratio straight wing aircraft like the X-3 and the
later Lockheed F-104 were severely constrained by the threat of iner-
tial coupling, even more than many swept wing aircraft were.? But for
swept wing and delta designers, inertial coupling became a particular
challenge they had to resolve, along with pitch-up. As the low-placed
horizontal tail reflected the problem of pitch-up, the increasing size of
vertical fins (and the addition of ventral fins and strakes as well) incor-
porated on new aircraft such as the Navy’s F8U-1 and the Air Force’s
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F-105B (and the twin-fins that followed in the 1970s on aircraft such as
the F-14A, F-15A, and F/A-18A) spoke to the serious challenge the iner-
tial coupling phenomenon posed to aircraft design. Not visible were such
“under the skin” systems as yaw dampers and the strict limitations on
abrupt transonic and supersonic rolling taught to pilots transitioning
into these and many other first-generation supersonic designs.?

The story of the first encounters with inertial coupling is a salu-
tary, cautionary tale. A key model test had resulted in analysis leading
to the issuance of a seminal report but one recognized as such only in
retrospect. A half decade after the report’s release, pilots died because
the significance of the report for future aircraft design and behavior
had been missed. Even within the NACA, recognition of seriousness of
reduced transonic and supersonic lateral-directional stability had been
slow. When, in August 1953, NACA engineers submitted thoughts for
a tentative research plan for an F-100A that the Agency would receive,
attention focused on longitudinal pitch-up, assessing its handling qual-
ities (particularly its suitability as a gun platform, something seemingly
more appropriately done by the Air Force Flight Test Center or the Air
Proving Ground at Eglin), and the correlation of flight and wind tun-
nel measurements.® Even after the experience of the X-1A, F-100A, and
X-3, even after all the fixes and training, it is disturbing how inertial
coupling stilled claimed the unwary.?” Over time, the combination of
refined design, advances in stability augmentation (and eventually the
advent of computer-controlled fly-by-wire flight) would largely render

85. For example, Thomas R. Sisk and William H. Andrews, “Flight Experience with a Delta-VWing
Airplane Having Violent LateraHongitudinal Coupling in Aileron Rolls,” NACA RM-HS55HO3 (1955).
86. William H. Phillips [NACA LRC], "Memo for Associate Director: Flight program for F-100A
airplane” (Aug. 10, 1953), DFRC Archives. Even odder, it was Phillips who had identified inertial
coupling in TN-1627 in 1948l

87. The best known was Capt. Milburn “Mel” Apt, who died in late 1956. His Bell X-2 went out of
control as he tured back to Edwards after having attained Mach 3.2, possibly because of lagging
instrumentation readings leading him to conclude he was flying at a slower speed. Undoubtedly the
nearly decade-old design of the X-2 contributed to its violent coupling fendencies. It is sobering that
in 1947 NACA had evaluated some design options (tail location, vertical fin design) that, had Bell
incorporated them on the X-2, might have turned Apt's accident into an incident. See Ronald Bel
Stiffler, The Bell X-2 Rocket Research Aircraft: The Flight Test Program (Edwards AFB: Air Force Flight
Test Center, 1957); and Richard E. Day and Donald Reisert, “Flight Behavior of the X-2 Research
Airplane to a Mach Number of 3.20 and a Geometric Altitude of 126,200 Feet,” NACA TMX-
137 (1959).
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inertial coupling a curiosity. But for pilots of a certain age—those who
remember aircraft such as the X-3, F-100, F-101, F-102, and F-104—
the expression “inertial coupling,” like “pitch-up,” will always serve to
remind that what is an analytical curiosity in the engineer’s laboratory
is a harsh reality in the pilot’s cockpit.

Implementing the Delta Planform

While swept wing adaptation in Europe, Russia, and America followed
a generally similar pattern, the delta wing underwent markedly differ-
ent international development. Generally, European designers initially
emulated the Lippisch approach, resulting in designs with relatively
thick wing sections (exemplified by the Avro Vulcan bomber and the
“tailed” Gloster Javelin interceptor) that inhibited their ability to operate
beyond the transonic. Only after the practical demonstration of Convair’s
emerging family of thin-wing delta designs—the XF-92A research air-
craft, the F-102 interceptor, the XF2Y-1 experimental naval fighter, the
B-58 supersonic bomber, and the F-106 interceptor—did they conceptu-
alize more “supersonic friendly” designs, typified by the Swedish Saab
J35 Draken (“Dragon”), the British Fairey F.D.2 research airplane, the
French Dassault Mirage I (progenitor of the Mirage fighter and bomber
family). By the late 1950s, British and French aerodynamicists had so
completely “closed” any “delta gap” that might have existed between
Europe and America that they were already conceptualizing development
of a Mach 2 supersonic transatlantic transport using a shapely “ogee”
reflexive delta planform, a study effort that would, a decade later, spawn
the Anglo-French Concorde.®® Not so taken with the pure delta, Soviet
designers joined American-like thin delta wings to the low-placed hori-
zontal tail, generating advanced MiG and Sukhoi fighters and intercep-
tors. These “tailed deltas” (particularly the MiG-21) possessed far better
transonic and supersonic turning performance than could be attained
by a conventional delta with its high induced drag onset at the increas-
ing angles of attack characteristic of hard-maneuvering. (An American
equivalent was the Douglas Company’s superlative A4D-1 Skyhawk,

88. Keneth Owen, Concorde: Story of a Supersonic Pioneer (London: Science Museum, 2001),
pp. 21-60; Andrew Nahum, “The Royal Aircraft Establishment from 1945 to Concorde,” in Robert
Bud and Philip Gummett, eds., Cold War, Hot Science: Applied Research in Britain’s Defence
Laboratories, 1945-1990 (london: Science Museum, 1999), pp. 29-58; and Andersson, Saab
Aircraft, pp. 124-129.
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a light attack bomber with maneuvering performance better than
most fighters.)

Although it is commonly accepted that American delta aircraft
owe their inspiration to the work of Lippisch—Convair’s delta aircraft
repeatedly being cited as the products of his influence—in fact, they do
not.* Unlike, say, the swept wing F-86 and B-47, which directly reflected
German aerodynamic thought and example, America’s delta wing air-
craft reflected indigenous, not foreign, research and inspiration. By the
time that Lippisch first met with Allied technical intelligence experts,
American aerodynamicists were already advancing along a very differ-
ent path than the one he had followed. Jones had already enunciated his
thin, sharply swept delta theory and undertaken his first tunnel tests of
it. In June 1946—a full year after the German collapse—Convair engi-
neers developing the experimental delta XP-92 interceptor had their
chance to meet with Lippisch at Wright Field. By then, however, they had
already independently decided upon a thin delta planform. “We had heard
about Dr. Lippisch’s work and this gave us some moral support,” Convair
designer Adolph Burstein recalled, adding: “but not much else. . . . We
did not go along with many of his ideas, such as a very thick airfoil.”*°
Burstein and his colleagues arrived at their delta shape by beginning with
a 45-degree swept wing, gradually increasing its sweepback angle, and
then “filling in” the ever-closing trailing edges, until they arrived at the
classic 60-degree triangular delta planform the company incorporated
on all its subsequent delta aircraft. With a 6.5 thickness-chord ratio—
less than half that of Lippisch’s DM-1—it was an altogether different-
looking airplane.®’ Nor was Convair alone in going its own way; Douglas
naval aircraft designer Edward Heinemann acknowledged that “At the
close of World War II the work with delta planforms accomplished by

89. Even the official Air Force history of the service's postwar fighter development repeats the
canard, though it does acknowledge that “low-aspectratio wing forms were also studied by the
U.S. National Advisory Commitiee for Aeronautics.” See Marcelle Size Knaack, PostWorld War I
Fighters 1945-1973, vol. 1 of Encyclopedia of U.S. Air Force Aircraft and Missile Systems (VWash-
ington: Office of Air Force Hisfory, 1978), p. 159, no. 1.

Q0. Letter, Adolph Burstein fo Richard P. Hallion, Jan. 25, 1972. Despite his "Germanic” name,
Burstein, one of the XF-92A's designers, was not a German scientist or engineer who came to
America after 1945. Rather, he was a Russian emigree from St. Petersburg who had come fo the
United States in 1925.

Q1. See Hallion, "Lippisch Gluhareff, and Jones,” and R.P. Hallion, “Convair's Delia Alpha,” Air
Enthusiast Quarterly, No. 2 (1976).
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Lippisch DM-1 glider in the Langley Full Scale Tunnel, 1946. The thick-wing section is readily apparent,
as is the oversize vertical fin, both of which rendered the concept unsuitable for transonic flight. NASA.

Dr. Lippisch in Germany became generally known and appreciated,”
but that “Extensive wind tunnel tests showed there was no special merit
to an equilateral triangle planform—especially those designed with
thicker airfoils.”*?

The chronology of American delta development, and the technical
choices and paths followed by American engineers, supports both state-
ments. At war’s end, advancing ground forces at Prien, Austria, had dis-
covered a thick-wing wooden delta glider, the DM-1, which Lippisch
had intended as a low-speed testbed for a proposed supersonic fighter,
the P 13. At Army Air Forces’ request, it was shipped back to America
in January 1946 for comprehensive testing in the Full-Scale Tunnel at
the NACA’s Langley Aeronautical Laboratory. Had the tests gone well,

Q2. Edward H. Heinemann, “Design of High-Speed Aircraft,” a paper presented at the Fifth Inferna-
tional Aeronautical Conference, Royal Aeronautical Society-nstitute of the Aeronautical Sciences, Los
Angeles, CA, June 20-24, 1955, p. 3. Copy from the BoeingMcDonnell Douglas Archives.
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the possibility existed as that, as the Germans had intended, it might
be flown as a glider. But the tunnel tests quickly disabused delta enthu-
siasts of these hopes. As the AAF’s Langley liaison officer subsequently
reported, the “Initial test results were very disappointing; the lift coef-
ficient was low, the drag was high, the directional stability was unsatis-
factory, and the craft was considered unsafe for flight tests.”
Afterward, Langley engineers undertook a comprehensive study of
the DM-1 configuration, not in the spirit of emulation but rather attempt-
ing to find a way to fix it. After giving its wings sharp leading edges, seal-
ing all slots and gaps around control surfaces, and removing the thick
vertical fin and replacing it with a thin one (relocating the pilot under
a streamlined bubble canopy), they had markedly improved its perfor-
mance, doubling its lift coefficient, from 0.6 to over 1.2. But it remained
an unsatisfactory design, proof enough that the Lippisch concept of del-
tas was hardly one that could serve—or did serve—as a veritable
template (as has been so often alleged) for the supersonic American,
Swedish, and French delta fighters and bombers that flew over the next
decade.” Subsequently, NACA engineers looked to far thinner and more
streamlined configurations that, if not yet as extreme as Robert T. Jones’s
original daggerlike concept, were even more amenable to the rigors of
transonic and supersonic flight than the generously rounded contours
of Lippisch’s thick wings and awkward pilot-enclosing vertical
fins. By the beginning of 1947, they were already examining the
technical requirements of slender, low aspect ratio delta configurations

Q3. lir., Maj. Howard C. Goodell, USAF, to Paul E. Garber, "DM-1 Glider Disposal,” Nov. 28,
1949, in Gluhareff Dart accession file, National Air and Space Museum.

Q4. For Langley’s progressive evaluation and modification of the DM-1, see two reports by Herbert
A. Wilson, Jr., and J. Calvin Lovell, “Full Scale Investigation of the Maximum Lift and Flow Charac-
terisfics of an Airplane Having Approximately Triangular Plan Form,” NACA RM-L6K20 (1947); and
"langley Full-Scale Tunnel Investigation of Maximum Lift and Stability Characterisfics of an Airplane
Having Approximately Triangular Plan Form (DM-1 Glider], NACA RMLZF16 (1947). Changes
are defailed in RM L7F16, Fig. 4. The closest expression of Germanic delta philosophy in America
was not a Convair delia, but a Douglas one: the Navy-Marine F4D-1 Skyray fighter. Its design was
greatly influenced by German tailless and swept wing reports Douglas engineers L. Eugene Root
and Apollo M.O. Smith had discovered while assigned to an Allied technical infelligence team
examining the Messerschmitt advanced projects office at Oberammergau and interviewing its senior
personnel, particularly chief designer VWoldemar Voigt; | wish to acknowledge with gratitude notes
on their experiences received in 1972 from both the late L. Eugene Root and A.M.O. Smith. See
also Cebeci, ed., legacy of a Gentle Genius, pp. 30-36.
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The Convair XF-92A, the world's first delta jet airplane, at the NACA High-Speed Flight Research
Station, now the Dryden Flight Research Center, in 1953. NASA.

to meet emerging military specifications for a Mach 1.5, 60,000-foot
bomber interceptor.®

First Flight Experiences

Out of this mutually reinforcing climate of thought emerged the world’s
first delta jet airplane, the Convair XF-92A, first flown in September
1948. This technology explorer (for despite its “fighter” designation, it
was always intended for research purposes) demonstrated the poten-
tial of the delta wing and encouraged Convair and Air Force authorities
to pursue a delta planform for a future interceptor design. Originally,
that design had been the “XP-92,” an impractical barrel-shaped rocket-
boosted ramjet with the pilot sitting in a conical nose within the ramjet’s

Q5. R.M. Cross, "Characteristics of a TriangularWinged Aircraft: 2: Stability and Control,”

in NACA, Conference on Aerodynamic Problems of Transonic Airplane Design (1947), pp.
163-1806, and Figs. 6 and 12. See also Edward F. Whitile, Jr., and J. Calvin Lovell, “Full-Scale
Investigation of an Equilateral Triangular Wing Having 10-percent-Thick Biconvex Airfoil Sections,”

NACA RML8GOS5 (1948), Fig. 2.
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circular inlet, similar to René Leduc’s straight wing air-launched French
ramjet designs of the same period. Following its cancellation, work on
the XF-92A continued, supporting the Air Force’s “1954 Interceptor” ini-
tiative, which Convair hoped to win with, essentially, a bigger and more
powerful version of the XF-92A. Aside from greater power, the intercep-
tor would have to have a nose radar and thus “cheek” inlets rather than
the simple Pitot nose inlet of the smaller testbed. The “1954 Interceptor”
eventually became two: the “interim” Mach 1+ F-102 Delta Dagger and
the “ultimate” Mach 2+ F-106 Delta Dart.

The XF-92A contributed markedly to delta understanding but was
far from a trouble-free design. Deltas evinced a variety of quirks and per-
formance deficiencies, some of which they shared with their swept wing
brethren. Deltas manifested the same tendency to persistent combined
lateral-directional Dutch roll motions, as well as pitch-up, from Mach num-
ber effects as they entered further into the transonic regime. The extreme
sweep of their wings accentuated spanwise flow tendencies, making wing
fences almost mandatory in all cases. Their high angle-of-attack (“hi AoA”)
landing approaches highlighted potentially serious control deficiencies, for,
unlike a conventional fighter, the delta lacked separate elevators and aile-
rons. It relied instead on elevons—combined elevator-ailerons—for pitch
and roll control. Thus, with the stick pulled back on final approach, the
nose would rise, and if the plane encountered a sudden gust that induced
arolling motion, the pilot might lack sufficient remaining reserve “travel”
from the deflected elevon to correct for the rolling motion. Further com-
plicating landing approaches and turn performance was the delta’s inher-
ently high-induced drag as it turned or was at higher angles of attack.
Deltas needed lots of power. The high-induced drag of the delta led to a
rapid bleeding off of airspeed during turns and thus inhibited its holding
altitude during turning maneuvers. Tests with the little XF-92A in 1953
by NACA research pilot Scott Crossfield indicated that as much as 3,000
feet of altitude could be lost trying to maintain constant speed in a turn-
ing maneuver—and this was after it had been modified to incorporate an
afterburner for greater power. “Every time I took off in that plane I held my
brief until I reached sufficient altitude to use the ejection seat,” Crossfield
recollected later. “The pilot never really flew that airplane, he corralled it.”*®

Q6. Crossfield with Blair, Always Another Dawn, p. 167; Thomas R. Sisk and Duane O. Muhleman,
"longitudinal Stability Characteristics in Maneuvering Flight of the Convair XF-92A Delta-Wing
Airplane Including the Effects of Wing Fences,” NACA RM-H4J27 (1955).
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All together, the NACA completed 25 flights in the XF-92A before a land-
ing gear collapse brought its research career to an end.

Tests of the XF-92A foreshadowed similar challenges with the next
Convair delta, the prototype YF-102 interceptor. The YF-102 is infamous
for having suffered from such high transonic drag rise that it could not
accelerate through the speed of sound, a discovery that led, as Air Force
test pilot Lt. Col. Frank K. “Pete” Everest recalled, to “surprise and con-
cern. . . . The National Advisory Committee for Aeronautics had claimed
all along that the airplane would not go supersonic, and now their predic-
tions came true.”®” (How the YF-102 was transformed from embarrass-
ing failure to operational success, thanks to Richard Whitcomb’s “area
rule” theory and its practical application to the F-102 design, is covered
elsewhere in this volume in a case study on Whitcomb’s contributions to
aeronautics, by historian Jeremy Kinney.) But more than reshaping of
its fuselage was required before the F-102 became a success. Instead, its
wing underwent fundamental aerodynamic redesign reflecting the second
stage in American delta development and its third stage overall.

Reshaping the Delta: Deriving Conical Camber

Having preceded the explication of the swept wing in Jones’s original
research, the roots of the delta’s redesign now lay, somewhat ironically,
in his expanding upon the slender swept wing research he had first
begun at Langley. After the war, Jones had left Virginia’s Tidewater region
for the equally pleasant Bay area environment of Sunnyvale, CA, and
there had continued his swept wing studies. By 1947, he had evolved a
sharply swept symmetrical airfoil planform he considered suitable for
a supersonic jet transport. Such a planform, with the leading edges of
the wings within the shock cone formed around the vehicle and thus in
a region of subsonic flow, could perhaps have a lift-to-drag (L/D) ratio
as high as 10, though at the price of much higher landing speeds.”®
Tests of a small model in the Ames 1-foot by 3-foot supersonic tun-
nel and a larger one in the Ames 40-foot by 80-foot tunnel encouraged
Jones and inspired fellow Ames researchers Charles F. Hall and John
C. Heitmeyer to build upon his work. Hall and Heitmeyer considered
the behavior of the combined wing-body, with the wing twisted and

Q7. Everest with Guenther, Fastest Man Alive, p. 109.
98. R.T. Jones, "Characferistics of a Configuration with a Large Angle of Sweepback,” in NACA,
Conference on Aerodynamic Problems of Transonic Airplane Design (1947), pp. 165-168, Figs. 1-6.
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given camber (curvature) to evenly distribute the flight loads, deriv-
ing a sharply swept and tapered wing configuration that demonstrated
an L/D of 8.9 during tunnel tests to Mach 1.53.% In the refinement of
its planform, it called to mind the shape (though, of course, not the
airfoil section) of Whitcomb’s later supercritical transonic transport
wing conceptualizations.!®

Hall and Heitmeyer next broadened their research to examine slen-
der deltas likewise featuring aerodynamic twist and camber. In 2 years,
1951-1952, they coauthored a dozen reports, culminating in the issu-
ance of a seminal study by Hall in the spring of 1953 that summarized
the lift, drag, pitching moment, and load distribution data on a variety
of thin delta wings of varying aspect ratios operating from Mach 0.25
(touchdown velocity) to Mach 1.9. Out of this came the concept of lead-
ing edge “conical camber”: twisting and rounding the leading edge of
a delta wing to minimize performance-robbing drag generated by the
wing’s own lifting force. The modified delta had minimal camber at the
wing root and maximum camber at the tip, the lineal development of
the camber along the leading edge effectively representing the surface of
a steadily expanding cone nestled under the leading edge of the wing.!®!

Hall’s conical camber, like Whitcomb’s area rule, came just in time
to save the F-102 program. Both were necessary to make it a success:
Whitcomb’s area rule to get it through the sound barrier, and Hall’s
to give it acceptable transonic and supersonic flying qualities. If over-
shadowed by Whitcomb’s achievement—which resulted in the young
Langley aerodynamicist receiving the Robert J. Collier Trophy, American
aviation’s most prestigious award, in 1954—Hall’s conical camber con-
cept was nevertheless a critical one. Comparative flight-testing of the
YF-102 at the NACA High-Speed Flight Station at Edwards from late

Q9. Charles F. Hall and John C. Heitmeyer, “Aerodynamic Study of a Wing-Fuselage Combination
Employing @ Wing Swept Back 63°—Characteristics at Supersonic Speeds of a Model with the
Wing Twisted and Cambered for Uniform Load,” NACA RM-AQJ24 (1950).

100. Though no transport or military aircraft ever flew with such a slender swept wing, just such a
configuration was subsequently employed on the largest swept wing tailless vehicle ever flown, the
Northrop Snark infercontinental cruise missile. Though the Snark did not enter operational service for
a variety of other reasons, it did demonstrate that, aerodynamically, such o wing configuration was
eminently suitable for long-range transonic cruising flight.

101. Charles F. Hall, “Lift, Drag, and Pitching Moment of Low-Aspect Ratio Wings at Subsonic and
Supersonic Speeds,” NACA RM-A53A30 [1953). For the views of an Ames onlooker, see Hart-
man, Adventures in Research, pp. 202-207.
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1954 to mid-1955 with and without conical camber indicated that con-
ical camber gave it lower drag and increased its maximum lift-to-drag
ratio by approximately 20 percent over a test Mach number range of 0.6
to 1.17, at altitudes of 25,000, 40,000, and 50,000 feet. Transonic sta-
bility of the cambered versus symmetrical YF-102 more than doubled,
and “no severe pitch-up tendencies were exhibited, except when accel-
erating or decelerating through the trim-change region.”!%?

With the advent of conical camber, the age of the practical transonic-
supersonic delta wing had arrived. By mid-decade, the F-102’s aero-
dynamic deficiencies had been cured, and it was well on its way to
service use.!”® Convair designers were refining the delta planform to
generate the F-102’s successor, the superlative F-106, and a four-engine
Mach 2+ bomber, the delta wing B-58 Hustler. Overseas, Britain’s Fairey
Company had under test a delta of its own, the F.D.2, which would
shortly establish an international speed record, while, in France, Dassault
engineers were conceptualizing a design that would spawn the Mirage
family and be responsible, in 1967, for one of the most remarkable aerial
victories of all time. Jones’s supersonic delta vision from over a decade
previously had become reality, thanks in part to Whitcomb’s interfer-
ence studies (which Jones himself would expand at Ames) and Hall’s
conceptualization of conical camber.

Extending the Delta into the Hypersonic and Orbital Frontier

The next stage in delta development took it from the realm of the tran-
sonic and supersonic into the hypersonic, again thanks to a healthy
rivalry and differing technical perspective between those two great
research centers, Ames and Langley. The area was hypersonics: flight
at speeds higher than Mach 5, an area of intense inquiry in the mid-
1950s following upon the success of the supersonic Round One research

102. Quoted in William E. Andrews, Thomas R. Sisk, and Robert W. Darville, “longitudinal Stabil-
ity Characterisfics of the Convair YF-102 Airplane Determined from Flight Tests,” NACA RMH56117
(1956), p. 1; see also Edwin J. Salizman, Donald R. Bellman, and Norman T. Musialowski,
"FlightDetermined Transonic Lift and Drag Characteristics of the YF-102 Airplane With Two Wing
Configurations,” NACA RMH56E08 (1956).

103. Although it sfill experienced some froubled sailing: like most of the Century series fighters, the
F-102 had other, more tortuous acquisition and program management problems unrelated fo its
aerodynamics that confributed to its delayed service entry. See Thomas A. Marschak, The Role of
Project Histories in the Study of R&D, Rand report P-2850 (Santa Monica: The Rand Corporation,
1965), pp. 66-81; and Knaack, Fighters, pp. 163-167.
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aircraft. Already a Round Two hypersonic test vehicle, the soon-to-emerge
North American X-15 was underway. But what of high-hypersonics, the
hypersonics of flight at Mach 10 to orbital velocity?

Hypersonics constituted a natural application for the low aspect ratio
delta planform. Before the Second World War, Austrian engineer Eugen
Sanger and his mathematician wife, Irene Sanger-Bredt, had concep-
tualized the Silbervogel (“Silver Bird”), a flat-bottom, half ogive body
shape as a potential Earth-girdling hypersonic boost-glider. It had, for
its time, a remarkable advanced aerodynamic profile, introducing the
flat bottom and ogival configuration that did, in fact, come to charac-
terize hypersonic aerothermodynamic design. But in one respect it did
not: Sianger-Bredt’s “antipodal aircraft” had a conventional wing (though
of low aspect planform and with supersonic wedge airfoils). Although
it proved very influential on the course of postwar hypersonics, by the
mid-1950s, as high-speed aerodynamic thinking advanced beyond the
supersonic and into the hypersonic realm, attention increasingly turned
toward the sharply swept delta planform.

In 1951, Ames researchers H. Julian Allen and Alfred Eggers, Jr.,
had postulated the blunt-body reentry theory that led to the advent of
the practical reentry shape used subsequently both for missile warheads
and the first human presence in space.!® (Their work, and the emer-
gence of the hypersonics field generally, are discussed in greater detail in
T.A. Heppenheimer’s accompanying essay on transatmospherics.) While
blunt-body theory enabled safely transiting the atmosphere, it did not
furnish the flexibility of a large landing “footprint”; indeed, in practice,
blunt-body reentry was limited to “throwaway” reentry shapes and pro-
grams such as Mercury, Gemini, and Apollo that necessitated a large
and cumbersome investment in oceanic recovery of returning space-
craft. Some sort of lifting vehicle that could fly at hypersonic velocities
would have far greater flexibility.

Related to the problem of hypersonic flight was the challenge of
increasing lift-to-drag ratios at high supersonic speeds. Eggers, work-
ing with Ames researcher Clarence A. Syvertson, now turned away
from blunt-body theory to examine thin, slender deltas. The two rec-
ognized that “the components of the aircraft should be individually

104. H. Julian Allen and A J. Eggers, Jr., "A Study of the Motion and Aerodynamic Heating of Bal
listic Missiles Entering the Earth's Atmosphere at High Supersonic Speeds,” NACA TR-1381 (1953);
Hartman, Adventures in Research, pp. 215-218.
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and collectively arranged to impart the maximum downward and the
minimum forward momentum to the surrounding air.”'% Out of this
emerged the hypersonic “flattop” delta, a high-wing concept having the
wing perched above the body (in this case, surmounting the classic
half-ogive hypersonic shape), incongruously much like a general
aviation light airplane such as a Cessna 152. At mid-span, its tips
would angle sharply downward, capturing the momentum of flow
imparted laterally outward from the body and deflecting it into
downward momentum, thus greatly increasing lift. The tips as well
furnished directional stability. This flattop concept, which Eggers
and Syvertson enunciated in 1956, spawned an Ames concept for a
hypersonic “beyond X-15” Round Three research vehicle that could
be air-launched from a modified Convair B-36 bomber for ini-
tial trials to Mach 6 and, once proven, could then be launched
vertically as the second stage of a two-stage system capable of reach-
ing Mach 10 and transiting the United States. The Ames vehicle, with
an overall length of 70 feet and a span of just 25 feet, represented a
bold concept that seemed likely to spawn the anticipated Round Three
hypersonic boost-glider.!%

But the flattop delta was swiftly undone by a rival Round Three
Langley concept that echoed more the earlier work of Sanger-Bredt.
A 1957 study by Peter Korycinski and John Becker demonstrated that
a flat-bottom (that is, low-wing) delta boost-glider would have bet-
ter cooling characteristics (a vital concern at hypersonic velocities)
and thus require less weight for thermal protection systems. Any
lift-to-drag advantages of the Ames flattop high-wing concept were
thus nullified. Round Three went forward, evolving into the abortive
Air Force-NASA X-20 Dyna-Soar program, which employed the Langley

105. AJ. Eggers, Jr., and Clarence A. Syvertson, “Aircraft Configurations Developing High LiftDrag
Ratios at High Supersonic Speeds,” NACA RMAS55L05 (1956), p. 1.

106. Ames staff, “Preliminary Investigation of a New Research Airplane for Exploring the Problems
of Efficient Hypersonic Flight,” Jlan. 18, 1957), copy in the archives of the Historical Office, NASA
Johnson Space Center, Housfon, TX. Drawings and more data on this concept can be found in
Richard P. Hallion, ed., From Max Valier to Project PRIME (1924-1967), vol. 1 of The Hypersonic
Revolution: Case Studies in the History of Hypersonic Technology (Washington: USAF, 1998), pp.I-
vi-lx. Round One, in NACA parlance, was the original X-1 and D-558 programs. Round Two was
the X-15. Round Three was what eventually emerged as the X-20 Dyna-Soar development effort.
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flat-bottom approach, not the high-wing flattop delta of Ames.'” Ames
and Langley contested a decade later, this time in rival lifting bodies,
with the Ames half-cone flattop M-2 (the product of Allen, Eggers,
Syvertson, George Edwards, and George Kenyon) competing against
Langley’s HL-10 fattened flat-bottom delta (by Eugene S. Love). Again,
it was the flat-bottom delta that proved superior, confirmed by tests in
the mid-1970s with an even more refined flat-bottom Air Force-derived
slender delta body shape, the Martin X-24B.!%

When orbital cross range proved even of greater significance, Shuttle
proponents from the National Aeronautics and Space Administration
(NASA) and the Air Force in the 1970s looked away from flattop and lift-
ing body approaches and more toward blended bodies, modified delta
planforms, and exotic delta “wave riders.” Though NASAs Spacecraft
Design Division briefly considered a conventionally tailed, straight
and swept wing Shuttle concepts, reflecting an influential study by
Johnson’s Maxime Faget, it moved rapidly toward deltas after analysis
indicated such designs had a tendency of hypersonic spins, suspect aero-
thermal survivability, and too small a cross range during return from
orbit. Between mid-1971 and the late summer of 1972, the Spacecraft
Design Division evaluated no less than 37 separate delta configurations,
ranging from simple triangular shapes echoing the early days of Jones
to much more complex ogee shape reflecting the refinement of the delta
as exemplified by the Anglo-French Concorde. Aside from continuous
review by the Manned Spacecraft Center (MSC; subsequently the NASA
Lyndon B. Johnson Space Center), these evaluations benefitted greatly
from aerodynamic analysis by NASA's Ames and Langley hypersonic

107. See John V. Becker, “The Development of Winged Reentry Vehicles, 1952-1963," in Hallion,
ed., Hypersonic Revolution, vol. 1, pp. 379-448. It is worth noting that one significant aircraft prof-
ect did use the Eggers-Syvertson wing but in a modified form: the massive North American XB-7OA
Valkyrie Mach 3+ experimental bomber. The XB-70 had its six engines, landing gear, and weapons
bays located under the wing in a large wedge-shaped centerbody. The long, cobralike nose ran
forward from the wing and featured canard control surfaces. Its sharply swept delia wing had

oufer wing panels that could entrap the lateral momentum off the ventral centerbody and transfer it
downward fo fumnish compression ift.

108. For further detail, see R. Dale Reed with Darlene Lister, Wingless Flight: The Lifting Body Story,
SP-4220 (Washington: NASA 1997): Milton O. Thompson and Curtis Peebles, Flying Without
Wings: NASA Lifting Bodies and The Birth of the Space Shuitle (Washington: Smithsonian Insfitu-
tion Press, 1999); and Johnny G. Armstrong, “Flight Planning and Conduct of the X-24B Research
Aircraft Flight Test Program,” Air Force Flight Test Center TR-76-11 (1977).
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communities, the practical low lift-to-drag-ratio flight-test experience
of researchers at the NASA Flight Research Center, and the rocketry
and space flight expertise of the Marshall Space Flight Center, whose
experts assessed each proposal from the standpoint of technical feasi-
bility and launch vehicle practicality. This multi-Center review strongly
endorsed development of a modified delta planform, in part because
the delta had inherently better stability characteristics during the high
angle-of-attack reentry profile that any returning Shuttle would have to
experience. Two families emerged as finalists: The 036 series, with small
payload bays and three engines, and the 040 family, of similar planform
but with larger payload bays and four engines. Then, in late January
1972, MSC engineers evolved the 040C configuration: a three-engine
design using new high-pressure engines. The 040C design became the
baseline for subsequent Orbiter studies. While many questions remained
over the final form that Shuttle’s launch system would take, with the
040C study, the shape of the orbiter, and its all-important wing, was
essentially fixed. Again, the flat-bottom delta had carried the day.!®

Swing Wing: The Path to Variable Geometry

The notion of variable wing-sweeping dates to the earliest days of avi-
ation and, in many respects, represents an expression of the “bird imi-
tative” philosophy of flight that gave the ornithopter and other flexible
wing concepts to aviation. Varying the sweep of a wing was first con-
ceptualized as a means of adjusting longitudinal trim. Subsequently,

109. Spacecraft Design Division, Summary of MSC Shutile Configurations (External HO Tanks) (Hous-
ton: Manned Spacecraft Center, June 30, 1972, rev. ed.), passim. | thank the late Dr. Edward C. Ezell
for making a copy of this document available for my research. The range of configurations and wind
tunnel testing done in support of Shutlle development is in A. Miles Whitnah and Ernest R. Hillie, “Space
Shutile Wind Tunnel Tesfing Summary,” NASA Reference Publication 1125 (1984), esp. pp. 5-7. See
also Alfred C. Draper, Melvin L. Buck, and William H. Goesch, “A Delia Shutile Orbiter.” Astronautics &
Aeronautics, vol. 9, No. 1 (Jan. 1971), pp. 26-35 (I acknowledge with gratitude the assistance and
advice of the late Al Draper, while we both worked at Aeronautical Systems Division, WrightPatterson
AFB, in 1986-1987); Joseph Weil and Bruce G. Powers, “Correlation of Predicted and Flight Derived
Stability and Control Derivatives with Particular Application to Tailless Delta Wing Configurations,”
NASA TM81361 (uly 1981); and J.P. Loftus, Jr., ef al. “The Evolution of the Space Shuttle Design,”

a reference paper prepared for the Rogers Commission, 1986 (copy in NASA JSC History Office
archives). The evolution of Shuttle configuration evolution is examined more broadly in Richard P. Hallion
and James O. Young, “Space Shutlle: Fulfillment of a Dream,” in Hallion, ed., From Scramiet fo the
National Aero-Space Plane (1964-1986), vol. 2 of The Hypersonic Revolution: Case Studies in the
History of Hypersonic Technology (VWashington: USAF, 1998) pp. 94/-1173.
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A timelapse photograph of the Bell X-5, showing the range of its wing sweep. Note how the wing roots
translated fore and aft to accommodate changes in center of lift with varying sweep angles. NASA.

variable-geometry advocates postulated possible use of asymmetric
sweeping as a means of roll control. Lippisch, pioneer of tailless and delta
design, likewise filed a patent in 1942 for a scheme of wing sweeping,
but it was another German, Waldemar Voigt (the chief of advanced design
for the Messerschmitt firm) who triggered the path to modern variable
wing-sweeping. Ironically, at the time he did so, he had no plan to make use
of such a scheme himself. Rather, he designed a graceful midwing turbojet
swept wing fighter, the P 1101. The German air ministry rejected its devel-
opment based upon assessments of its likely utility. Voigt decided to con-
tinue its development, planning to use the airplane as an in-house swept
wing research aircraft, fitted with wings of varying sweep and ballasted
to accommodate changes in center of lift.!!

110. The best survey of v-g origins remains Robert L. Perry’s Innovation and Military Requirements: A
Comparative Study, Rand Report RM-5182PR (Santa Monica: The Rand Corporation, 1967), upon
which this account is based.
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By war’s end, when the Oberammergau plant was overrun by
American forces, the P 1101 was over 80-percent complete. A techni-
cal team led by Robert J. Woods, a member of the NACA Aerodynamics
Committee, moved in to assess the plant and its projects. Woods imme-
diately recognized the value of the P 1101 program, but with a twist: he
proposed to Voigt that the plane be finished with a wing that could be
variably swept in flight, rather than with multiple wings that could be
installed and removed on the ground. Woods’s advocacy, and the results
of NACA variable-sweep tests by Charles Donlan of a modified XS-1
model in the Langley 7-foot by 10-foot wind tunnel, convinced the NACA
to support development of such an aircraft. In May 1949, the Air Force
Air Materiel Command issued a contract covering development of two
Bell variable sweep airplanes, to be designated X-5. They were effectively
American-built versions of the P 1101, but with American, not German,
propulsion, larger cockpit canopies for greater pilot visibility, and, of
course, variable sweep wings that could range from 20 to 60 degrees.'!!

The first X-5 flew in June 1951 and within 5 weeks had demonstrated
variable in-flight wing sweep to its maximum 60-degree aft position.
Slightly over a year later, Grumman flew a prototype variable wing-sweep
naval fighter, the XF10F-1 Jaguar. Neither aircraft represented a mature
application of variable sweep design. The mechanism in each was heavy
and complex and shifted the wing roots back and forth down the cen-
terline of the aircraft to accommodate center of lift changes as the wing
was swept and unswept. Each of the two had poor flying qualities unre-
lated to the variable-sweep concept, reflecting badly on their design.
The XF10F-1 was merely unpleasant (its test pilot, the colorful Corwin
“Corky” Meyer, tellingly recollected later “I had never attended a test
pilots’ school, but, for me, the F10F provided the complete curriculum”),
but the X-5 was lethal.!'? It had a vicious pitch-up at higher-sweep angles,
and its aerodynamic design ensured that it would have very great difficulty
when it departed into a spin. The combination of the two led to the death
of Air Force test pilot Raymond Popson in the crash of the second X-5

111. The history of the X-5 is examined minutely in Warren E. Green'’s The Bell X-5 Research Air-
plane (WrightPatterson AFB: Wright Air Development Center, March 1954). For NACA work, see
LRC staff, “Summary of NACA/NASA Variable-Sweep Research and Development Leading fo the
F-111 (TFX)," Langley Working Paper IWP-285 (Dec. 22, 19606).

112. Corwin H. Meyer, "Wild, Wild Cat: The XF10F," 20th Symposium, The Society of Experimen-
tal Test Pilots, Beverly Hills, CA, Sept. 15, 1976.

59



60

NASA's Contributions to Aeronautics

in 1953. More fortunate, NACA pilots completed 133 research flights in
the first X-5 before retiring it in 1955.

The X-5 experience demonstrated that variable geometry worked, and
the potential of combining good low-speed performance with high-speed
supersonic dash intrigued military authorities looking at future inter-
ceptor and long-range strike aircraft concepts. Coincidentally, in the late
1950s, Langley developed increasingly close ties with the British aeronau-
tical community, largely a result of the personal influence of John Stack
of Langley Research Center, who, in characteristic fashion, used his force-
ful personality to secure a strong transatlantic partnership. This partner-
ship, best known for its influence upon Anglo-American V/STOL research
leading to the Harrier strike fighter, influenced as well the course of
variable-geometry research. Barnes Wallis of Vickers had conceptualized a
sharply swept variable-geometry tailless design, the Swallow, but was not
satisfied with the degree of support he was receiving for the idea within
British aeronautical and governmental circles. Accordingly, he turned to
the United States. Over November 13-18, 1958, Stack sponsored an Anglo-
American meeting at Langley to craft a joint research program, in which
Wallis and his senior staff briefed the Swallow design.!!* As revealed by
subsequent Langley tunnel tests over the next 6 months, Wallis’s Swallow
had many stability and control deficiencies but one significant attribute:
its outboard wing-pivot design. Unlike the X-5 and Jaguar and other
early symmetrical-sweep v-g concepts, the wing did not adjust for chang-
ing center of lift position by translating fore and aft along the fuselage
centerline using a track-type approach and a single pivot point. Rather,
slightly outboard of the fuselage centerline, each wing panel had its own
independent pivot point. This permitted elimination of the complex track
and allowed use of a sharply swept forebody to address at least some of
the changes in center-of-lift location as the wings moved aft and forward.
The remainder could be accommodated by control surface deflection and
shifting fuel. Studies in Langley’s 7-foot by 10-foot tunnel led to refinement
of the outboard pivot concept and, eventually, a patent to William J. Alford
and E.C. Polhamus for its concept, awarded in September 1962. Wallis’s
inspiration, joined with insightful research by Alford and Polhamus and

113. For meeting, see LRC staff, “Summary of NACA/NASA Variable-Sweep Research and
Development,” p. 8; and J.E. Morpurgo, Barmes Wallis: a Biography (Harmondsworth, UK: Penguin
Books, 1973), p. 423. NASA langley Photograph L58-771a, dated Nov. 13, 1958, documents
the Stack-Wallis meeting; it is also catalogued as NASA LaRC image EL-2008-00001.
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followed by adaptation of a conventional “tailed” configuration (a crit-
ical necessity in the pre-fly-by-wire computer-controlled era), made
variable wing sweep a practical reality.!'* (Understandably, after return-
ing to Britain, Wallis had mixed feelings about the NASA involvement.
On one hand, he had sought it after what he perceived as a “go slow”
approach to his idea in Britain. On the other, following enunciation
of outboard wing sweep, he believed—as his biographer subsequently
wrote—“The Americans stole his ideas”)!"

Thus, by the early 1960s, multiple developments—swept wings,
high-performance afterburning turbofans, area ruling, the outboard
wing pivot, low horizontal tail, advanced stability augmentation sys-
tems, to select just a few—made possible the design of variable-
geometry combat aircraft. The first of these was the General Dynamics
Tactical Fighter Experimental (TFX), which became the F-111. It was a
troubled program, though, like most of the Century series that had pre-
ceded it (the F-102 in particular), this had essentially nothing to do with
the adaptation of a variably swept wing. Instead, a poorly written speci-
fication emphasizing joint service over practical, attainable military util-
ity resulted in development of a compromised design. The result was a
decade of lost fighter time for the U.S. Navy, which never did receive the
aircraft it sought, and a constrained Air Force program that resulted in
the eventual development of a satisfactory strike aircraft—the F-111F—
but years late and at tremendous cost. Throughout the evolution of the
F-111, NASA research proved of crucial importance to saving the pro-
gram. NASA Langley, Ames, and Lewis researchers invested over 30,000

114. IRC, "Summary of NACA/NASA Variable-Sweep Research;” see also William J. Alford, Jr., and
William P. Henderson, "An Exploratory Investigation of VariableVWing-Sweep Airplane Configurations,”
NASA TMX-142 (1959); William J. Alford, Jr., Arvo A. Luoma, and William P. Henderson, “Wind-
Tunnel Studies at Subsonic and Transonic Speeds of a MuliipleMission VariableVWing-Sweep Airplane
Configuration,” NASA TMX-206 [1959); and Gerald V. Foster and Odell A. Morris, “Aerodynamic
Characteristics in Pitch at a Mach Number of 1.97 of Two VariableWing-Sweep V/STOL Configura-
tions with Outboard Wing Panels Swept Back 75°," NASA TMX-322 (1960).

115. Morpurgo, Wallis, p. 422, and Derek Wood, Project Cancelled: British Aircraft that Never Flew
(Indianapolis: The BobbsMerrill Company, Inc., 1975], pp. 182-195. After the Nov. 1958 meefing,
NASA tunnel tests revealed very great deficiencies attending his failless concept that Stack and others
reporfed back 1o Vickers in June 1959. In short, the outboard pivot was but one element necessary

for making a successful v-g aircraft. Others were provision for a conventional tail and design of a
practicable airframe. In short, Wallis had an idea, but it took Alford and Polhamus and other NASA
researchers fo refine it and render it achievable.
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hours of wind tunnel test time in the F-111 (over 22,000 at Langley alone),
addressing various shortcomings in its design, including excessive drag,
lack of transonic and supersonic maneuverability, deficient directional
stability, and inlet distortion that plagued its engine performance. As a
result, the Air Force F-111 became a reliable weapon system, evidenced
by its performance in Desert Storm, where it flew long-range strike mis-
sions, performed electronic jamming, and proved the war’s single most
successful “tank plinker,” on occasion destroying upward of 150 tanks
per night and 1,500 over the length of the 43-day conflict.!!®

From the experience gained with the F-111 program sprang the
Grumman F-14 Tomcat naval fighter and the Rockwell B-1 bomber,
both of which experienced fewer development problems, benefitting
greatly from NASA tunnel and other analytical research.!'” Emulating
American variable-geometry development, Britain, France, and the Soviet
Union undertook their own development efforts, spawning the experi-
mental Dassault Mirage G (test-flown, though never placed in service),
the multipartner NATO Tornado interceptor and strike fighter program,
and a range of Soviet fighter and bomber aircraft, including the MiG-
23/27 Flogger, the Sukhoi Su-17/22 Fitter, the Su-24 Fencer, the Tupolev
Tu-22M Backfire, and the Tu-160 Blackjack.!'®

Variable geometry has had a mixed history since; in the heyday of the
space program, many proposals existed for tailored lifting body shapes
deploying “switchblade” wings, and the variable-sweep wing was a prom-
inent feature of the Boeing SST concept before its subsequent rejection.
The tailored aerodynamics and power available with modern aircraft have
rendered variable-geometry approaches less attractive than they once
were, particularly because, no matter how well thought out, they invari-

116. NASA F-111 tunnel research, analysis, and support is detailed in Testimony of Edward C. Pol-
hamus, in U.S. Senate, TFX Contract Investigation (Second Series): Hearings Before the Permanent
Subcommittee on Investigations of the Committee on Government Operations, United States Senate,
91st Congress, 2nd Session, Part 2 (Washington: GPO, 1970), pp. 339-363; forthe F-111 in
Desert Storm, see Tom Clancy with Gen. Chuck Homer (New York: G.P. Putnam’s Sons, 1999), pp.
318,417, 424, and 450.

117. See Joseph R. Chambers, Partners in Freedom: Contributions of the langley Research Center
to U.S. Military Aircraft of the 1990s, SP2000-4519 [Washington; NASA, 2000), which treats
these and other programs in great and authoritative defail.

118. Robert W. Kress, “Variable Sweep Wing Design,” AIAA Paper No. 83-1051 (1983) is an
excellent survey. The Su-24 was clearly F-111 inspired, and the Tu-160 was embarrassingly similar

in configuration to the American B-1.
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The Grumman F-14A Tomcat naval fighter marked the maturation of the variable wing-sweep con-
cept. This is one was assigned to Dryden for high angle of attack and departure flighttesting. NASA.

ably involve greater cost, weight, and structural complexity. In 1945-1946,
John Campbell and Hubert Drake undertook tests in the Langley Free
Flight Tunnel of a simple model with a single pivot, so that its wing could
be skewed over a range of sweep angles. This concept, which German
aerodynamicists had earlier proposed in the Second World War, demon-
strated “that an airplane wing can be skewed as a unit to angles as great as
40° without encountering serious stability and control difficulties.”!"® This
concept, the simplest of all variable-geometry schemes, returned to the
fore in the late 1970s, thanks to the work of Robert T. Jones, who adopted
and expanded upon it to generate the so-called “oblique wing” design con-
cept. Jones conceptualized the oblique wing as a means of producing a
transonic transport that would have minimal drag and a minimal sonic
boom; he even foresaw possible twin fuselage transports with a skewed
wing shifting their relative position back and forth. Tests with a subscale
turbojet demonstrator, the AD-1 (for Ames-Dryden), at the Dryden Flight
Research Center confirmed what Campbell and Drake had discovered

119. John P. Campbell and Hubert M. Drake, “Investigation of Stability and Control Characteristics
of an Airplane Model with Skewed Wing in the Langley Free-Flight Tunnel,” NACA TN-1208 (May
1947), p. 10.
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nearly four decades previously, namely that at moderate sweep angles
the oblique wing possessed few vices. But at higher sweep angles near
60 degrees, its deficits became more pronounced, calling into question
whether its promise could ever actually be achieved.'?® On the whole,
the variable-geometry wing has not enjoyed the kind of widespread suc-
cess that its adherents hoped. While it may be expected that, from time
to time, variable sweep aircraft will be designed and flown for partic-
ular purposes, overall the fixed conventional planform, outfitted with
all manner of flaps and slats and blowing, sucking, and perhaps even
warping technology, continues to prevail.

The Quest for Refinement

By the end of the 1960s, the “classic” era of aircraft design was argu-
ably at an end. As exemplars of the highest state of aviation technology,
the piston engine had given way to the gas turbine, the wood-and-fabric
aircraft to the all-metal, the straight wing had given way to the swept and
delta. Aircraft flight speeds had risen from a mere 40 mph at the time
of the Wright brothers to over 100 times as fast, as the X-15A-2 dem-
onstrated when it streaked to Mach 6.70 (4,520 mph) in October 1967,
piloted by Maj. William J. Knight. Fighters, by that time, had been flying
on a Mach 2 plateau for a decade and transports on a Mach 0.82 plateau
for roughly the same amount of time. In space, Americans were basking
in the glow of the recent Apollo triumph, where a team of astronauts, led
by former NACA-NASA research pilot Neil Armstrong—a Round One
and Round Two veteran whose experience included both the X-1 and
the X-15—journeyed to the Moon, landed two of their number upon it,
and then returned to Earth.

Such accomplishments hardly meant that the frontiers of the sky were
closing, or that NASA had little to do. Indeed, in some respects, it was
facing even greater challenges: conducting comprehensive aeronautical
research at a time when, increasingly, more people identified it with space
than aeronautics and when, in the aftermath of the Apollo success, mon-
ies were increasingly tight. Added to this was a dramatically transforming
world situation: increasing tension in the Middle East, a growing Soviet
threat, rising oil prices, open concern over environmental stewardship,

120. Richard P. Hallion and Michael H. Gorn, On the Frontier: Experimental Flight at NASA
Dryden (Washington: Smithsonian Books, 2002), pp. 256-260, and personal recollections of the
program from the time.
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and a national turning away from the reflexive perception that limitless
technological progress was both a given and a good thing.

Within this framework, NASA work increasingly turned to achieving
efficiencies: more fuel-efficient and energy-efficient civilian flight, and
more efficient military systems. It was not NASA’s business to, per se,
design new aircraft, but, as NACA-NASA history amply demonstrated,
the Agency’s mark could be found on many aircraft and their innova-
tions. Little things counted for much. When, for example, NACA High-
Speed Flight Research Station pilots flew a Douglas D-558-1 Skystreak
modified with a row of small vortex generators (little rectangular fins
of 0.5-inch chord standing vertically like a row of razor blades) on its
upper wing surface, they hardly expected that such a small energy-
imparting modification would so dramatically improve its transonic
handling qualities that rows of vortex generators would become a com-
monly recognized feature on many aircraft, including such “classics” as
the B-52, the 707, and the A-4.'?! In the post-1970 period, NASA assidu-
ously pursued three concepts related to swept wing and delta flight, in
hopes that each would pay great dividends: the supercritical wing, the
winglet, and the arrow wing.'?? All had roots embedded and nourished
in the earliest days of the supersonic and swept/delta revolution. Each
reflected Whitcomb’s passion—indeed obsession, in its most positive
sense—with minimizing interference effects and achieving the greatest
possible aerodynamic efficiency without incurring performance-robbing
complexity. Many had researched configurations approaching the purity
of the arrow wing, but it was Whitcomb who first actually achieved such
a configuration, as part of Langley’s Supersonic Transport study effort.

Long a subject of individual research and thought, Langley’s institu-
tional SST studies had begun in 1958, when the ever-enthusiastic John
Stack formed a Supersonic Transport Research Committee (STRC). It
evaluated the maturity of various disciplines—particularly the “classics”
of aerodynamics, structures, propulsion, and controls—and then fore-
cast the overall feasibility of a Supersonic Transport. The Stack team
presented the results of their studies to the head of the Federal Aviation

121. De E. Beeler, Donald R. Bellman, and John H. Griffith, “Flight Determination of the Effects of
Wing Vortex Generators on the Aerodynamic Characteristics of the Douglas D-558- Airplane,”
NACA RML5TA23 (1951).

122. All three bore the imprint of Richard Whitcomb and thus, in this survey, are not examined in
detail, since his work is more thoroughly treated in a companion essay by Jeremy Kinney.
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Administration (FAA), Elwood Quesada, a retired Air Force general,
in December 1959. Their report, issued the following year, concluded:
“the state of the art appears sufficiently advanced to permit the design
of an airplane at least marginally capable of performing the super-
sonic transport mission.”'?> NASA swiftly ramped up to match growing
interest in the FAA in such aircraft; within a decade, SST-focused
research would constitute over a quarter of all NASA aeronautics research
undertaken at the Langley, Ames, and Lewis Centers.'?*

Given that the British and French subsequently designed the Mach
2+ Concorde, and the Soviets the Tupolev Tu-144, NASA Langley’s tech-
nological optimism in 1959-1960 was, within limits, technically well
justified, and such optimism infused Washington’s political community
as well. In March 1966, President Lyndon Johnson announced that the
first American SST, designed to cruise at Mach 2.7, would fly at decade’s
end and enter commercial service in 1974.'2> But such expectations would
prove overly optimistic. As Mach number rose, so too did a number of
daunting technical challenges encountered by the more ambitious air-
craft American SST proponents favored. Assessing the technology alone
did not address the serious questions—research and development invest-
ment, production costs, operating economics, and environmental con-
cerns, for example—such aircraft would pose and would limit the airline
acceptance (and, hence, market success) of even the “modest” Concorde
and Tu-144. Air transport constitutes a system of systems, and excellence
in some does not guarantee or imply excellence overall. Political support,
strongly bipartisan over the Kennedy-Johnson era, withered in the Nixon

123. [RC staff, “The Supersonic Transport—A Technical Summary,” NASA TN-D-423 (1960, p.
Q3; this was the summary report of the briefings presented the previous fall to Quesada. NASA
research on supersonic cruise is the subject of a companion essay in this study, by William Flana-
gan, and Whitcomb's work is detailed in the previously cited Kinney study in this volume.

124 In FY 1968, NASA expended $10.8 million in then-year dollars on SST research at Langley,
Ames, and Lewis, against a tofal aeronautics research expenditure of $42.9 million at those
Centers. See Testimony of James E. Webb in U.S. Senate, Aeronautical Research and Development
Policy: Hearings Before the Committee on Aeronautical and Space Sciences, United States Senate,
Q0th Congress, 1st Session (Washington: GPO, 1967), p. 39.

125. lyndon B. Johnson, “President’s Message on Transportation,” Mar. 2, 1966, reprinted in Leg-
islative Reference Service of the Library of Congress, Policy Planning for Aeronautical Research and
Development: Staff Report Prepared for Use of the Committee on Aeronautical and Space Sciences
United States Senate by the legislative Reference Service Library of Congress, Document No. 90,
U.S. Senate, 8%th Congress, 2nd Session (Washingfon: GPO, 1966), pp. 50-51.




Case 1 | Sweep and Swing: Reshaping the Wing for the Jet and Rocket Age

years as technical and other challenges arose, and a re-action against
the SST set in, fueled by questions over the value of high technology and
reaction to the long and costly war in Southeast Asia.'?

From the standpoint of aircraft design, from Langley’s interest emerged
a series of Supersonic Commercial Air Transport (SCAT) design studies,
most of which incorporated variable-geometry planforms reflecting a
growing popular wisdom that future military or civilian supersonic cruise
designs would necessarily incorporate such wings. Whitcomb, focused
on simplicity and efficiency, demurred, preferring instead a sharply swept
arrow configuration, the SCAT-4, which he had derived. It drew upon a
two-decade tradition of Langley swept and delta studies running through
those of Clinton E. Brown and F. Edward McLean in the 1950s, back to
the thin swept and delta research manifested in Robert T. Jones'’s origi-
nal concepts in 1944-1945. Though he was not successful at the time at
selling his vision of what such an aircraft should be (and, in fact, left the
Stack SST study effort as a result), in time the fixed wing predominated.
In 1964, a Langley team comprised of Harry Carlson, Roy Harris, Ed
McLean, Wilbur Middleton, and A. Warner Robins derived a fixed wing
variant of the variable-sweep SCAT-15, generating an elegant slender
arrow wing called the SCAT-15F. SCAT-15F had an incredible lift-to-drag
ratio of 9.3 at Mach 2.6, well beyond what previous analysis and thought
had deemed possible, though it also had serious low-speed pitch-up and
deep-stall tendencies that triggered intensive investigations by research-
ers using the Langley Full-Scale Tunnel.'?” OQut of this came a revised
SCAT-15F configuration, with leading edge flaps, wing notches, area-and-
camber-increasing Fowler flaps, and a small, horizontal tail, all of which
worked to make it a much more acceptable planform. The development

126. For various perspectives on Anglofrench-SovietAmerican SST development, see Kenneth Owen,
Concorde: Story of a Supersonic Pioneer (London: Science Museum, 2001); Howard Moon, Soviet
SST: The Technopolitics of the Tupolev Tu-144 (New York: Orion Books, 1989); R.E.G. Davies, Super-
sonic (Airliner] Non-Sense: A Case Studly in Applied Market Research (Mclean, VA: Paladwr Press,
1998); Mel Horwitch, Clipped Wings: The American SST Conflict (Cambridge: The MIT Press, 1982);
and Eric M. Conway, High-Speed Dreams: NASA and the Technopolitics of Supersonic Transportation,
1945-1999 (Balimore: The Johns Hopkins Press, 2005).

127. Deep stall is a dangerous condition wherein an airplane piiches to a high angle of attack, sfalls,
and then descends in a stabilized stalled attitude, impervious to corrective control inputs. It is more
typically encountered by swept wing Tail aircraft, and one infamous British accident, to a BAC 1-11
airliner, claimed the life of a crack flighttest crew captained by the legendary Mike Lithgow, an early
supersonic and swepiwing pioneer.
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of the high supersonic L/D fixed wing eventually led Boeing (winner of
the Government’s SST design competition) to abandon variable-sweep in
favor of a highly refined small-tailed delta, for its final SST proposal,
though congressional refusal to furnish needed developmental monies
brought the American SST development effort to a sorry end.'?® It did not,
however, end interest in similar configurations for a range of other mis-
sions. Today, in an era of vastly different technology, with much higher-
performing engines, better structures, and better means of modeling and
simulating the aerodynamic and propulsive performance of such designs,
tailored fixed arrow wing configurations are commonplace for future
advanced high-speed civil and military aircraft applications.

As the American SST program, plagued by controversy and
numerous wounds (many self-inflicted), died amid performance and
environmental concerns, Whitcomb increasingly turned his attention to
the transonic, thereby giving to aviation one of its most compelling images,
that of the graceful supercritical wing and, of less aesthetic appeal but
no less significance, the wingtip winglet. Both, in various forms, became
standard design elements of future civil and military transport design
and are examined elsewhere (by historian Jeremy Kinney) in this work.

128. Langley’s SCAT studies are summarized in David A. Anderton, Sixfy Years of Aeronautical
Research, 1917-1977, EP-145 (Washington: NASA, 1978), pp. 54-58. Relevant reports on
specific configurations and predecessors include: Donald D. Baals, Thomas A. Toll, and Owen G.
Morris, “Airplane Configurations for Cruise at @ Mach Number of 3,” NACA RML58E14a (1958);
Odell A. Morris and A. VWarmer Robins, “Aerodynamic Characteristics at Mach Number 2.01 of an
Airplane Configuration Having @ Cambered and Twisted Arrow Wing Designed for a Mach Number
of 3.0," NASA TMX-115 {1959); Cornelius Driver, M. Leroy Spearman, and William A. Corlett,

" Aerodynamic Characteristics af Mach Numbers From 1.61 to 2.86 of a Supersonic Transport Model
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Design Mach Number of 2.2,” NASA TMX-817 (1963); Odell A. Morris and James C. Patterson, Jr.,
"Transonic Aerodynamic Characteristics of Supersonic Transport Model With a Fixed, Warped Wing
Having 74° Sweep,” NASA TMX-1167 (1965); Odell A. Morris, and Roger H. Fournier, “Aerody-
namic Characteristics at Mach Numbers 2.30, 2.60, and 2.96 of a Supersonic Transport Model
Having Fixed, VWarped Wing,” NASA TMX-1115 (1965]; A. Warner Robins, Odell A. Morris, and
Roy V. Harris, Jr., "Recent Research Results in the Aerodynamics of Supersonic Vehicles,” AIAA Paper
65717 (1965); Donald D. Baals, A. VWarmer Robins, and Roy V. Harris, Jr., “Aerodynamic Design
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As for the arrow wing, military exigency and the Cold War com-
bined to ensure that studies of this most promising configuration
spawned the “cranked arrow wing” of the late 1970s. Following cancel-
lation of the national SST effort, NASA researchers continued study-
ing supersonic cruise for both military and civil applications, under the
guise of a new study effort, the Advanced Supersonic Technology (AST)
effort. AST was succeeded by another Langley-run cruise-focused effort,
the Supersonic Cruise Aircraft Research (SCAR, later shortened to SCR)
program. SCR lasted until 1982, when NASA terminated it to focus more
attention and resources on the already troubled Shuttle program. But
meantime, it had spawned the Supersonic Cruise and Maneuver Prototype
(SCAMP), a derivative of the F-16 designed to cruise at supersonic speeds.
Its “cranked arrow” wing, blending a 70-degree swept inboard leading
edge and a 50-degree swept outboard leading edge, looked deceptively
simple but embodied sophisticated shaping and camber (reflecting the
long legacy of SCAT studies, particularly the refinement of the SCAT-
15F), with leading edge vortex flaps to improve both transonic and low-
speed performance. General Dynamics’ F-16 designer Harry J. Hillaker
adopted the planform for a proposed strike fighter version of the F-16
because it reduced supersonic wave drag, increasing the F-16’s potential
combat mission radius by as much as 65 percent and more than doubling
its permissible angle-of-attack range as well. In the early 1980s, SCAMP,
now designated the F-16XL, competed with the prototype F-15E Strike
Eagle at Edwards Air Force Base for an Air Force deep-strike fighter con-
tract. But the F-16XL was too small an airplane to win the completion;
with greater internal fuel and volume, the larger Strike Eagle offered
more growth potential and versatility. The two F-16XL aircraft, among
the most beautiful ever flown, remained at Edwards, where they flew a
variety of research missions at NASA Dryden, refining understanding of
the complex flows around cranked arrow profiles and addressing such
technical issues as the possibility of supersonic laminar flow control by
using active suction. Interest in the cranked arrow has persisted, as it
remains a most attractive design option for future supersonic cruise air-

craft, whether piloted or not, both civil and military.!?

129. Harry J. Hillaker, “The F-16: A Technology Demonstrator, a Prototype, and a Flight Demonstra-
tor,” AIAA Paper No. 83-1063 (1983). The “XL" designation for the cranked-arrow F-16 reflected
Harry Hilloker's passionate interest in golf, for it echoed the name of a particularly popular long-
distance golf ball, the Top Flite XL. See also Chambers, Innovation in Flight, pp. 42, 48, 58-59.
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By the end of the 1980s, for military aircraft, concern over aero-
dynamic shaping of aircraft was beginning to take second place behind
concern over their electromagnetic signature. Where something such
as the blended wing-body delta SR-71 possessed an innate purity and
beauty of form, inherent when aerodynamics is given the position of
primacy in aircraft design, something such as the swept wing, V-tail
F-117 stealth fighter did not: all angles and panels, it hardly looked aero-
dynamic, and, indeed, it had numerous deficits cured only by its being
birthed in the electronic fly-by-wire and composites era. But in other
aspects it performed with equal brilliance: not the brilliance of Mach
3+, but the quiet brilliance of penetrating a high-threat integrated air
defense network, attacking a key target, and escaping without detection.

For the future of the swept surface, one had to look elsewhere,
back to the transonic, where it could be glimpsed in the boldly imagi-
native lines of the Blended Wing-Body (BWB) transport. Conceived by
Robert H. Liebeck, a gifted Boeing designer who had begun his career at
Douglas, where he worked with the legendary A.M.O. Smith, the BWB
represented a conception of pure aerodynamic efficiency predating
NASA, the NACA that had preceded it, and even, indeed, Jack Northrop
and the Horten brothers. It hearkened back to the earliest concepts for
Nurfliigeln (flying wings) by Hugo Junkers before the First World War,
the first designer to appreciate how one could insightfully incorporate
the cantilever all-metal structure to achieve a pure lifting surface.'*°
Conceived while Liebeck worked for McDonnell-Douglas in the latter
years before its own merger with Boeing, the graceful BWB was not
strictly a flying wing but, rather, a hybrid wing-body combination whose
elegant high aspect ratio wing blended smoothly into a wide, flat-bottom
fuselage, the wings sprouting tall winglets at their tips for lateral con-
trol, thus differing significantly from earlier concepts such as the Boeing
“Spanloader” and the Horten, Armstrong-Whitworth, and Northrop fly-
ing wings. Early design conceptions envisioned upward of 800 passen-

130. For Junkers, see Hugo Junkers, Gleitflieger mit zur Aufnahme von nicht Auftrieg erzeugen Teilen
dienenden Hohlkérpen, Patentschrift N 253788, Klasse /7h, Gruppe 5 (Berlin: Reichspatentamt,
Nov. 14, 1912). For Liebeck, see Robert H. Liebeck, Mark A. Page, Blaine K. Rawdon, Paul W.
Scott, and Robert A. Wright, “Concepts for Advanced Subsonic Transports,” NASA CR-4624
[1994); Robert H. Liebeck, "Design of the Blended Wing Body Subsonic Transport,” Journal of
Aircraft, vol. 41, no. 1 (Jan.~Feb. 2004). pp. 10-25; and Chambers, Innovation in Flight, pp.
86-92.
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gers flying in a three-engine, double-deck, 823,000-pound, manta-shaped
BWB (spanning 289 feet with a length of 161 feet), cruising across the
globe at Mach 0.85. Subsequent analysis resulted in a smaller design
sized for 450 passengers, the BWB-450, which served as the baseline
for later research and evaluation, which concluded that the most suit-
able role for the BWB might be for a range of global heavy-lift multi-

131 Extensive

purpose military missions rather than passenger-carrying.
studies by NASA Langley and Lewis researchers; McDonnell-Douglas
(now Boeing) BWB team members; and academic researchers from
Stanford University, the University of Southern California, Clark Atlanta
University, and the University of Florida confirmed the aerodynamic
and propulsive promise inherent in the BWB, particularly its poten-
tial to carry great loads at transonic speeds over global distances with
unprecedented aerodynamic and energy efficiency, resulting in poten-
tially 30-percent better fuel economy than that achievable by traditional
“tube and wing” airlifters.!3?

These and many other studies, including tests by Boeing and the
United States Air Force, encouraged the next logical step: developing a
subscale unmanned aerial vehicle (UAV) to assess the low-speed flight-
control characteristics of the BWB in actual flight. This became the
X-48B, a 21-foot span, 8.5-percent scale UAV testbed of the BWB-450
configuration, powered by three 240-pound thrust Williams turbojets.
Boeing had Cranfield Aerospace, Ltd., in Great Britain build two X-48Bs
for the company’s Phantom Works. After completion, the first X-48B com-
pleted 250 hours of tunnel tests in the Langley Full-Scale Tunnel (run
by Old Dominion University) in May 2006. Readying the BWB for flight

131. These included heawyift cargo, airrefueling, and other military missions rather than use as

a civil airliner. See NASA RC, "The Blended-Wing-Body: Super Jumbo Jet Concept Would Carry
800 Passengers,” NASA Facts, FS-1997-07-24-1aRC (July 1997); and NASA RC, “The Blended
Wing Body: A Revolutionary Concept in Aircraft Design,” NASA Facts, FS-2001-04-24-1aRC (Apr.
2001). For an early appreciation of the military value of BWB designs, see Gene H. McCall, et
al., Aircraft & Propulsion, a volume in the New World Visias: Air and Space Power for the 2 1st
Century series (Washington: HQ USAF Scientific Advisory Board, 1995), p. 6.

132. Robert H. Liebeck, Mark A. Page and Blaine K. Rawdon, “BlendedVWing-Body Subsonic
Commercial Transport,” AIAA Paper 98-0438 (1998); Sean Wakayama, "Multidisciplinary Design
Optimization of the BlendedWing-Body,” AIAA Paper 98-4938 (1998); Dino Roman, J.B. Allen,
and Robert H. Liebeck, "Aerodynamic Design Challenges of the Blended-Wing-Body Subsonic
Transport,” AIAA Paper 2000-4335 (2000). Fuel economy figure from Dryden Flight Research
Center, "X-24B Blended Wing-Body" (Apr. 2, 2009).
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The NASA F-16XL cranked-arrow research aircraft aloft over the Dryden Flight Research Center
on December 16, 1997. NASA.

consumed another year until, on July 20, 2007, the second example took
to the air at Dryden, becoming the first of the X-48B testbeds to fly. By
the end of the year, it had completed five research flights. Subsequent
testing explored its stability and control at increasing angles of attack
(to as great as 16-degree AoA), pointing to possible ways of furnishing
improved controllability at even higher angles of attack.!** Time will
tell if the world’s skies will fill with blended wing-body shapes. But to
those who follow the technology of the sky, if seemingly fantastic, it is
well within the realm of the possible, given the history of the swept and
delta wings—and NACA-NASA’ role in furthering them.

In conclusion, the invention of the swept and delta wing blended
creative and imaginative analysis and insight, great risk, and steadfast
research. If in introspect their story has a clarity and a cohesiveness
that was not necessarily visible to those at the time, it is because time
has stripped the story to its essence. It is unfortunate that the percep-
tion that America was “given” (or “took”) the swept and delta wing in
full-blown maturity from the laboratories of the Third Reich possesses

133. DFRC, "X-24B Blended Wing-Body" (Apr. 2, 2009).
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such persistency, for it obscures the complex roots of the swept and delta
wing in both Europe and America, the role of the NACA and NASA in
maturing them, and, at heart, the accomplishments of successive gener-
ations of Americans within the NACA-NASA and elsewhere who worked
to take what were, in most cases, very immature concepts and turn them
into practical reality. Doing so required achieving many other things,
among which were securing a practical means of effective longitudi-
nal control at transonic speeds (the low, all-moving, and powered tail),
reducing transonic drag rise, developing stability augmentation sys-
tems, and refining aircraft handling qualities. Defeating the transonic
drag “hump”; reducing pitch-up to nuance, not nuisance; and overcom-
ing the danger of inertial coupling were all crucial to ensuring that the
swept and delta wing could fulfill their transforming promise. Once
achieved, that gave to the world the means to fulfill the promise of the
jet engine. As a result, international security and global transportation
patterns were dramatically altered and a new transnational global con-
sciousness born. It is something that workers of the NACA past, and
NASA past, present, and future, can look back upon with a sense of both
pride and accomplishment.
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Richard Whitcomb
and the Quest for
Aerodynamic Efficiency

Jeremy Kinney

Much of the history of aircraft design in the postwar era is encapsulated
by the remarkable work of NACA-NASA engineer Richard T. Whitcomb.
Whitcomb, a transonic and supersonic pioneer, gave to aeronautics the
wasp-waisted area ruled transonic airplane, the graceful and highly
efficient supercritical wing, and the distinctive wingtip winglet. But he
also contributed greatly to the development of advanced wind tunnel
design and testing. His life offers insights into the process of aeronautical
creativity and the role of the genius figure in advancing flight.

N DECEMBER 21, 1954, Convair test pilot Richard L. “Dick”

Johnson flew the YF-102A Delta Dagger prototype to Mach 1,

an achievement that marked the meeting of a challenge that had
been facing the American aeronautical community. The Delta Dagger’s
contoured fuselage, shaped by a new design concept, the area rule,
enabled an efficient transition from subsonic to supersonic via the tran-
sonic regime. Seventeen years later, test pilot Thomas C. “Tom” McMurtry
made the first flight in the F-8 Supercritical Wing flight research vehi-
cle on March 9, 1971. The flying testbed featured a new wing designed
to cruise at near-supersonic speeds for improved fuel economy. Another
17 years later, the Boeing Company announced the successful maiden
flight of what would be the manufacturer’s best-selling airliner, the 747-
400, on April 29, 1988. Incorporated into the design of the jumbo jet
were winglets: small vertical surfaces that reduced drag by smoothing
turbulent airflow at the wingtips to increase fuel efficiency.! All three of
these revolutionary innovations originated with one person, Richard T.

1. David A. Anderfon, “NACA Formula Eases Supersonic Flight,” Aviation Week vol. 63 (Sept. 12,
1955): p. 15; Marvin Miles, “New Fighter Jet Cets Test,” Los Angeles Times, Mar. 10, 1971, p.
20; "Boeing's 747-400 Jet Makes Maiden Flight,” Wall Street Journal, May 2, 1988, p. 8.
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“Dick” Whitcomb, an aeronautical engineer working for the National
Advisory Committee for Aeronautics (NACA) and its successor, the
National Aeronautics and Space Administration (NASA).

A major aeronautical revolution was shaping the direction and use
of the airplane during the latter half of the 20th century. The invention
of the turbojet engine in Europe and its incorporation into the airplane
transformed aviation. The aeronautical community followed a basic
premise—to make the airplane fly higher, faster, farther, and cheaper
than ever before—as national, military, industrial, and economic fac-
tors shaped requirements. As a researcher at the Langley Memorial
Aeronautical Laboratory in Hampton, VA, Dick Whitcomb was part
of this movement, which was central to the missions of both the NACA
and NASA.? His three fundamental contributions, the area rule fuselage,
the supercritical wing, and the winglet, each in their own aerodynamic
ways offered an increase in speed and performance without an increase
in power. Whitcomb was highly individualistic, visionary, creative, and
practical, and his personality, engineering style, and the working environ-
ment nurtured at Langley facilitated his quest for aerodynamic efficiency.

The Making of an Engineer

Richard Travis Whitcomb was born on February 21, 1921, in Evanston,
IL, and grew up in Worcester, MA. He was the eldest of four children in a
family led by mathematician-engineer Kenneth F. Whitcomb.? Whitcomb
was one of the many airr-minded American children building and testing
aircraft models throughout the 1920s and 1930s.* At the age of 12, he
created an aeronautical laboratory in his family’s basement. Whitcomb
spent the majority of his time there building, flying, and innovating rub-
berband-powered model airplanes, with the exception of reluctantly
eating, sleeping, and going to school. He never had a desire to fly him-
self, but, in his words, he pursued aeronautics for the “fascination of

2. Whitcomb's story has been interpreted from the viewpoint of the NACA and NASA's overall
contributions to aeronautics by several historians and engineers. This chapter depends heavily on the
work of James Hansen, Richard Hallion, Michael Gorn, Lane Wallace, John Becker, Donald Badls,
and William Corliss.

3. Clay Blair, Jr., "The Man Who Put the Squeeze on Aircraft Design,” Air Force Magazine, vol. 39
(Jan. 1956]: p. 50.

4. "Richard Travis VWhitcomb: Distinguished Research Associate,” NASA Langley Research Center,
Apr. 1983, File CW-463000-01, National Air and Space Museum Archives.
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making a model that would fly.” One innovation Whitcomb developed
was a propeller that folded back when it stopped spinning to reduce
aerodynamic drag. He won several model airplane contests and was a
prizewinner in the Fisher Body Company automobile model competi-
tion; both were formative events for young American men who would
become the aeronautical engineers of the 1940s. Even as a young man,
Whitcomb exhibited an enthusiastic drive that could not be diverted
until the challenge was overcome.’

A major influence on Whitcomb during his early years was his pater-
nal grandfather, who had left farming in Illinois to become a manufac-
turer of mechanical vending machines. Independent and driven, the
grandfather was also an acquaintance of Thomas A. Edison. Whitcomb
listened attentively to his grandfather’s stories about Edison and soon
came to idolize the inventor for his ideas as well as for his freethinking
individuality.® The admiration for his grandfather and for Edison shaped
Whitcomb’s approach to aeronautical engineering.

Whitcomb received a scholarship to nearby Worcester Polytechnic
Institute and entered the prestigious school’s engineering program in
1939. He lived at home to save money and spent the majority of his
time in the institute’s wind tunnel. Interested in helping with the war
effort, Whitcomb’s senior project was the design of a guided bomb.
He graduated with distinction with a bachelor’s of science degree in
mechanical engineering. A 1943 Fortune magazine article on the NACA
convinced Whitcomb to join the Government-civilian research facility
at Hampton, VA.”

Airplanes ventured into a new aerodynamic regime, the so-called
“transonic barrier,” as Whitcomb entered into his second year at
Worcester. At speeds approaching Mach 1, aircraft experienced sudden
changes in stability and control, extreme buffeting, and, most impor-
tantly, a dramatic increase in drag, which exposed three challenges to

5. Richard Witkin, “Air Scientist Got His Start When 12, New York Times, Oct. 3, 1955, p. 20
[quote); Ray Bert, “Winged Victory: Meet Richard Whitcomb,” Transformations (fall 2002),

htto:/ /www.wpi.edu,/News/ Transformations,/2002Fall/whitcomb.himl (Accessed Feb. 14, 2009);
"Jet Pioneers—Richard T. Whitcomb,” n.d., File CW-463000-01, National Air and Space Museum
Archives.

6. Barbara Rowes, “VWhen You Ride Tomorrow’s Airplanes, You'll Thank Dick Whitcomb,” Washing-
fon Post-Times Herald, Aug. 31, 1969, p. 165.

7. Bert, "Winged Victory”; Witkin, “Air Scientist Got His Start VWhen 12"; Brian Welch, “Whit
comb: Aeronautical Research and the Better Shape,” Langley Researcher (Mar. 21, 1980): p. 4.
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the aeronautical community, involving propulsion, research facili-
ties, and aerodynamics. The first challenge involved the propeller and
piston-engine propulsion system. The highly developed and reliable sys-
tem was at a plateau and incapable of powering the airplane in the tran-
sonic regime. The turbojet revolution brought forth by the introduction
of jet engines in Great Britain and Germany in the early 1940s provided
the power needed for transonic flight. The latter two challenges directly
involved the NACA and, to an extent, Dick Whitcomb, during the course
of the 1940s. Bridging the gap between subsonic and supersonic speeds
was a major aerodynamic challenge.®

Little was known about the transonic regime, which falls between
Mach 0.8 and 1.2. Aeronautical engineers faced a daunting challenge
rooted in developing new tools and concepts. The aerodynamicist’s pri-
mary tool, the wind tunnel, was unable to operate and generate data at
transonic speeds. Four approaches were used in lieu of an available wind
tunnel in the 1940s for transonic research. One way to generate data for
speeds beyond 350 mph was through aircraft diving at terminal velocity,
which was dangerous for test pilots and of limited value for aeronauti-
cal engineers. Moreover, a representative drag-weight ratio for a 1940-
era airplane ensured that it was unable to exceed Mach 0.8. Another
way was the use of a falling body, an instrumented missile dropped from
the bomb bay of a Boeing B-29 Superfortress. A third method was the
wing-flow model. NACA personnel mounted a small, instrumented air-
foil on top of the wing of a North American P-51 Mustang fighter. The
Mustang traveled at high subsonic speeds and provided a recoverable
method in real-time conditions. Finally, the NACA launched small mod-
els mounted atop rockets from the Wallops Island facility on Virginia’s
Eastern Shore.’ The disadvantages for these three methods were that
they only generated data for short periods of time and that there were
many variables regarding conditions that could affect the tests.

Even if a wind tunnel existed that was capable of evaluating aircraft
at transonic speeds, there was no concept that guaranteed a successful

8. John Becker, The High Speed Frontier: Case Histories of Four NACA Programs 1920-1950,
NASA SP-445 [Washington, DC: U.S. Government Printing Office, 1980), p. 61.

Q. Becker, High Speed Frontier, p. 61; Lane E. Wallace, “The Whitcomb Area Rule: NACA Aero-
dynamics Research and Innovation,” in Pam E. Mack, ed., Ffrom Engineering Science fo Big Sci-
ence: The NACA and NASA Collier Trophy Research Project Winners, (Washington, DC: National
Aeronautics and Space Administration, 1998), p. 137.
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transonic aircraft design. A growing base of knowledge in supersonic
aircraft design emerged in Europe beginning in the 1930s. Jakob Ackeret
operated the first wind tunnel capable of generating Mach 2 in Zurich,
Switzerland, and designed tunnels for other countries. The international
high-speed aerodynamics community met at the Volta Conference held
in Rome in 1935. A paper presented by German aerodynamicist Adolf
Busemann argued that if aircraft designers swept the wing back from the
fuselage, it would offset the increase in drag beyond speeds of Mach 1.
Busemann offered a revolutionary answer to the problem of high-speed
aerodynamics and the sound barrier. In retrospect, the Volta Conference
proved to be a turning point in high-speed aerodynamics research, espe-
cially for Nazi Germany. In 1944, Dietrich Kiichemann discovered that a
contoured fuselage resembling the now-iconic Coca-Cola soft drink bot-
tle was ideal when combined with Busemann'’s swept wings. American
researcher Robert T. Jones independently discovered the swept wing at
NACA Langley almost a decade after the Volta Conference. Jones was
a respected Langley aerodynamicist, and his five-page 1945 report pro-
vided a standard definition of the aerodynamics of a swept wing. The
report appeared at the same time that high-speed aerodynamic infor-
mation from Nazi Germany was reaching the United States.!?

As the German and American high-speed traditions merged after
World War II, the American aeronautical community realized that there
were still many questions to be answered regarding high-speed flight.
Three NACA programs in the late 1940s and early 1950s overcame the
remaining aerodynamic and facility “barriers” in what John Becker char-
acterized as “one of the most effective team efforts in the annals of aero-
nautics.” The National Aeronautics Association recognized these NACA
achievements three times through aviation’s highest award, the Collier
Trophy, for 1947, 1951, and 1954. The first award, for the achievement
of supersonic flight by the X-1, was presented jointly to John Stack of
the NACA, manufacturer Lawrence D. Bell, and Air Force test pilot Capt.
Charles E. “Chuck” Yeager. The second award in 1952 recognized the
slotted transonic tunnel development pioneered by John Stack and his
associates at NACA Langley.!! The third award recognized the direct
byproduct of the development of a wind tunnel in which the visionary

10. John D. Anderson, Jr., A History of Aerodynamics and its Impact on Flying Machines [New
York: Cambridge University Press, 1997), pp. 419, 424-425.
11. Becker, High Speed Frontier, p. 61.
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mind of Dick Whitcomb developed the design concept that would enable
aircraft to efficiently transition from subsonic to supersonic speeds
through the transonic regime.

Dick Whitcomb and the Transonic-Supersonic Breakthrough

Whitcomb joined the research community at Langley in 1943 as a mem-
ber of Stack’s Transonic Aerodynamics Branch working in the 8-foot
High-Speed Tunnel (HST). Initially, NACA managers placed him in the
Flight Instrument Research Division, but Whitcomb’s force of person-
ality ensured that he would be working directly on problems related to
aircraft design. As many of his colleagues and historians would attest,
Whitcomb quickly became known for an analytical ability rooted in
mathematics, instinct, and aesthetics.!?

In 1945, Langley increased the power of the 8-foot HST to gener-
ate Mach 0.95 speeds, and Whitcomb was becoming increasingly famil-
iar with transonic aerodynamics, which helped him in his developing
investigation into the design of supersonic aircraft. The onset of drag
created by shock waves at transonic speeds was the primary challenge.
John Stack, Ezra Kotcher, and Lawrence D. Bell proved that breaking
the sound barrier was possible when Chuck Yeager flew the Bell X-1 to
Mach 1.06 (700 mph) on October 14, 1947. Designed in the style of a .50-
caliber bullet with straight wings, the Bell X-1 was a successful super-
sonic airplane, but it was a rocket-powered research airplane designed
specifically for and limited to that purpose. The X-1 would not offer
designers the shape of future supersonic airplanes. Operational turbojet-
powered aircraft designed for military missions were much heavier and
would use up much of their fuel gradually accelerating toward Mach 1
to lessen transonic drag.!®* The key was to get operation aircraft through
the transonic regime, which ranged from Mach 0.9 to Mach 1.1.

A very small body of transonic research existed when Whitcomb
undertook his investigation. British researchers W.T. Lord of the
Royal Aeronautical Establishment and G.N. Ward of the University
of Manchester and American Wallace D. Hayes attempted to solve the
problem of transonic drag through mathematical analyses shortly after
World War I in 1946. These studies generated mathematical symbols

12. James R. Hansen, Engineer in Charge: A History of the Langley Aeronautical laboratory,
1917-1958, NASA SP-4305 (Washington, DC: NASA, 1987), pp. 331-332.
13. Ibid., p. 332.
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that did not lend themselves to the design and shape of transonic and
supersonic aircraft.!*

Whitcomb’s analysis of available data generated by the NACA in
ground and free-flight tests led him to submit a proposal for testing
swept wing and fuselage combinations in the 8-foot HST in July 1948.
There had been some success in delaying transonic drag by addressing
the relationship between wing sweep and fuselage shape. Whitcomb
believed that careful attention to arrangement and shape of the wing
and fuselage would result in their counteracting each other. His goal was
to reach a milestone in supersonic aircraft design. The tests, conducted
from late 1949 to early 1950, revealed no significant decrease in drag at
high subsonic (Mach 0.95) and low supersonic (Mach 1.2) speeds. The
wing-fuselage combinations actually generated higher drag than their
individual values combined. Whitcomb was at an impasse and realized
he needed to refocus on learning more about the fundamental nature
of transonic airflow."

Just before Whitcomb had submitted his proposal for his wind tun-
nel tests, John Stack ordered the conversion of the 8-foot HST in the
spring of 1948 to a slotted throat to enable research in the transonic
regime. In theory, slots in the tunnel’s test section, or throat, would enable
smooth operation at very high subsonic speeds and at low supersonic
speeds. The initial conversion was not satisfactory because of uneven
flow. Whitcomb and his colleagues, physicist Ray Wright and engineer
Virgil S. Ritchie, hand-shaped the slots based on their visualization of
smooth transonic flow. They also worked directly with Langley wood-
workers to design and fabricate a channel at the downstream end of
the test section that reintroduced air that traveled through the slots.
Their painstaking work led to the inauguration of transonic operations
within the 8-foot HST 7 months later, on October 6, 1950.!° Whitcomb,

14. Hansen, Engineer in Charge, p. 341. As James R. Hansen has suggested, these were certainly
antecedents to Whitcomb's area rule, but it was his highly intuitive visual mind that resulted in
something original.

15, lbid., p. 332.

16. The NACA referred to the facility as the 8-foot Transonic Tunnel after Oct. 1950, but for the
purposes of clarity and fo avoid confusion with the follow-on 8-oot Transonic Pressure Tunnel, the
original designation 8-foot High Speed Tunnel is used in this text. Hansen, Engineer in Charge, pp.
327-328, 454; Steven T. Corneliussen, “The Transonic Wind Tunnel and the NACA Technical
Culture,” in Pam E. Mack, ed., From Engineering Science to Big Science: The NACA and NASA
Collier Trophy Research Project Winners VWashington, DC: NASA, 1998), p. 133.
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The slotted-throat test section of the 8-foot High-Speed Tunnel. NASA.

as a young engineer, was helping to refine a tunnel configuration that
was going to allow him to realize his potential as a visionary experimen-
tal aeronautical engineer.

The NACA distributed a confidential report on the new tunnel during
the fall of 1948, which was distributed to the military services and select
manufacturers. By the following spring, rumors had been circulating
about the new tunnel throughout the industry. Initially, the call for secrecy
evolved into outright public acknowledgement of the NACAs new tran-
sonic tunnels (including the 16-foot HST) with the awarding of the 1951
Collier Trophy to John Stack and 19 of his associates at Langley for the
slotted wall. The Collier Trophy specifically recognized the importance of
aresearch tool, which was a first in the 40-year history of the award. The
NACA claimed that its slotted-throat transonic tunnels gave the United
States a 2-year lead in the design of supersonic military aircraft.'’

17. Hansen, Engineer in Charge, pp. 329, 330-331.
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With the availability of the 8-foot HST and its slotted throat, the com-
bined use of previously available wind tunnel components—the tunnel bal-
ance, pressure orifice, tuft surveys, and schlieren photographs—resulted
in a new theoretical understanding of transonic drag. The schlieren photo-
graphs revealed three shock waves at transonic speeds. One was the famil-
iar shock wave that formed at the nose of an aircraft as it pushed forward
through the air. The other two were, according to Whitcomb, “fascinating
new types” of shock waves never before observed, in which the fuselage and
wings met and at the trailing edge of the wing. These shocks contributed
to a new understanding that transonic drag was much larger in proportion
to the size of the fuselage and wing than previously believed. Whitcomb
speculated that these new shock waves were the cause of transonic drag.'®

The Path to Area Rule
Conventional high-speed aircraft design emulated Ernst Mach’s finding
that bullet shapes produced less drag. Aircraft designers started with a
pointed nose and gradually thickened the fuselage to increase its cross-
sectional area, added wings and a tail, and then decreased the diam-
eter of the fuselage. The rule of thumb for an ideal streamlined body
for supersonic flight was a function of the diameter of the fuselage.
Understanding the incorporation of the wing and tail, which were added
for practical purposes because airplanes need them to fly, into Mach’s
ideal high-speed soon became the focus of Whitcomb’s investigation.!®
The 8-foot HST team at Langley began a series of tests on various
wing and body combinations in November 1951. The wind tunnel mod-
els featured swept, straight, and delta wings, and fuselages with varying
amounts of curvature. The objective was to evaluate the amount of drag
generated by the interference of the two shapes at transonic speeds. The
tests resulted in two important realizations for Whitcomb. First, vari-
ations in fuselage shape led to marked changes in wing drag. Second,
and most importantly, he learned that the combination of fuselage and
wing drag had to be considered together as a synergistic aerodynamic
system rather than separately, as they had been before.?

18. Richard T. Whitcomb and Thomas C. Kelly, “A Study of the Flow Over a 45-degree Sweptback
Wing-Fuselage Combination af Transonic Mach Numbers,” NACA RML52DO1 (June 25, 1952),
p. 1; Hansen, Engineer in Charge, p. 333.

19. Ibid., p. 333.

20. Ibid., p. 334.
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While Whitcomb was performing his tests, he took a break to
attend a Langley technical symposium, where swept wing pioneer Adolf
Busemann presented a helpful concept for imagining transonic flow.
Busemann asserted that wind tunnel researchers should emulate aero-
dynamicists and theoretical scientists in visualizing airflow as analogous
to plumbing. In Busemann’s mind, an object surrounded by streamlines
constituted a single stream tube. Visualizing “uniform pipes going over
the surface of the configuration” assisted wind tunnel researchers in
determining the nature of transonic flow.?!

Whitcomb contemplated his findings in the 8-foot HST and
Busemann’s analogy during one of his daily thinking sessions in
December 1951. Since his days at Worcester, he dedicated a specific
part of his day to thinking. At the core of Whitcomb’s success in solv-
ing efficiency problems aerodynamically was the fact that, in the words
of one NASA historian, he was the kind of “rare genius who can see
things no one else can.”?? His relied upon his mind’s eye—the non-
verbal thinking necessary for engineering—to visualize the aerodynamic
process, specifically transonic airflow.?> Whitcomb’s ability to apply his
findings to the design of aircraft was a clear indication that using his
mind through intuitive reasoning was as much an analytical aerody-
namic tool as a research airplane, wind tunnel, or slide rule.

With his feet propped up on his desk in his office a flash of inspira-
tion—a “Eureka” moment, in the mythic tradition of his hero, Edison—
led him to the solution of reducing transonic drag. Whitcomb realized
that the total cross-sectional area of a fuselage, wing, and tail caused
transonic drag or, in his words: “transonic drag is a function of the
longitudinal development of the cross-sectional areas of the entire

”24 Tt was simply not just the result of shock waves forming

airplane.
at the nose of the airplane, but drag-inducing shock waves formed
just behind the wings. Whitcomb visualized in his mind’s eye that if a
designer narrowed the fuselage or reduced its cross section, where the

wings attached, and enlarged the fuselage again at the trailing edge,

21. Ibid., p. 334.

22. Roger D. Launius, quoted in James Schuliz, Crafting Flight: Aircraft Pioneers and the Contributions of
the Men and VWomen of NASA Langley Research Cenfer [VWashington, DC: NASA, 2003), p. 183.
23. Eugene S. Ferguson, Engineering and the Mind's Eye (Boston: MIT Press, 1994), p. 41; Han-
sen, Engineer in Charge, p. 328.

24. Whitcomb quoted in Welch, “Whitcomb,” p. 5.
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then the fuselage would facilitate a smoother transition from subsonic
to supersonic speeds. Pinching the fuselage to resemble a wasp’s waist
allowed for smoother flow of the streamlines as they traveled from the
nose and over the fuselage, wings, and tail. Even though the fuselage
was shaped differently, the overall cross section was the same along the
length of the fuselage. Without the pinch, the streamlines would bunch
and form shock waves, which created the high energy losses that pre-
vented supersonic flight.>> The removal at the wing of those “aerody-
namic anchors,” as historians Donald Baals and William Corliss called
them, and the recognition of the sensitive balance between fuselage and
wing volume were the key.?

Verification of the new idea involved the comparison of the data
compiled in the 8-foot HST, all other available NACA-gathered transonic
data, and Busemann’s plumbing concept. Whitcomb was convinced
that his area rule made sense of the questions he had been investigat-
ing. Interestingly enough, Whitcomb’s colleagues in the 8-foot HST,
including John Stack, were skeptical of his findings. He presented his
findings to the Langley community at its in-house technical seminar.?’
After Whitcomb’s 20-minute talk, Busemann remarked: “Some peo-
ple come up with half-baked ideas and call them theories. Whitcomb
comes up with a brilliant idea and calls it a rule of thumb.”?® The name
“area rule” came from the combination of “cross-sectional area” with
“rule of thumb.”?

With Busemann’s endorsement, Whitcomb set out to validate the
rule through the wind tunnel testing in the 8-foot HST. His models fea-
tured fuselages narrowed at the waist. He had enough data by April 1952
indicating that pinching the fuselage resulted in a significant reduction
in transonic drag. The resultant research memorandum, “A Study of
the Zero Lift Drag Characteristics of Wing-Body Combinations near

25. Richard T. Whitcomb, “A Study of the Zerorlift Drag-Rise Characteristics of VWing-Body Com-
binations Near the Speed of Sound,” NACA TR-1273 (1956), pp. 519, 538-539; Engineer in
Charge, pp. 334-335.

26. Donald D. Baals and William R. Corliss, Wind Tunnels of NASA (Washington, DC: Scientific
and Technical Information Branch, Natfional Aeronautics and Space Administration, 1981), p. 63.
27. Hansen, Engineer in Charge, p. 336.

28. Quoted in Richard P. Hallion, Designers and Test Pilots [Alexandria, VA: Time-life Books, 1983,
p. 143.

29. Michael Gom, Expanding the Envelope: Flight Research at NACA and NASA (Lexington:
University Press of Kentucky, 2001), p. 329.
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the Speed of Sound,” appeared the following September. The NACA
immediately distributed it secretly to industry.*°

The area rule provided a transonic solution to aircraft designers in
four steps. First, the designer plotted the cross sections of the aircraft
fuselage along its length. Second, a comparison was made between the
design’s actual area distribution, which reflected outside considerations,
such as engine diameter and the overall size dictated by an aircraft car-
rier’s elevator deck, and the ideal area distribution that originated in
previous NACA mathematical studies. The third step involved the recon-
ciliation of the actual area distribution with the ideal area distribution.
Once again, practical design considerations shaped this step. Finally,
the designer converted the new area distribution back into cross sec-
tions, which resulted in the narrowed fuselage that took into account
the overall area of the fuselage and wing combination.’! A designer that
followed those four steps would produce a successful design with min-
imum transonic drag.

Validation in Flight

As Whitcomb was discovering the area rule, Convair in San Diego,
CA, was finalizing its design of a new supersonic all-weather fighter-
interceptor, began in 1951, for a substantial Air Force contract. The
YF-102 Delta Dagger combined Mach’s ideal high-speed bullet-shaped
fuselage and delta wings pioneered on the Air Force’s Convair XF-92A
research airplane with the new Pratt & Whitney J57 turbojet, the world’s
most powerful at 10,000 pounds thrust. Armed entirely with air-to-air
and forward-firing missiles, the YF-102 was to be the prototype for
America’s first piloted air defense weapon'’s system.?? Convair heard of
the NACA'’ transonic research at Langley and feared that its investment
in the YF-102 and the payoff with the Air Force would come to naught
if the new airplane could not fly supersonic.?* Convair’s reputation and
a considerable Department of Defense contract were at stake.

30. Richard T. Whitcomb, “A Study of the Zerorlift Drag-Rise Characteristics of Wing-Body Com-
binations Near the Speed of Sound,” NACA RM-L52HO8 (Sept. 3, 1952). RML52HO08 was super-
seded by TR-1273 (see note 23) when the document became unclassified in 1956.

31. Anderton, "NACA Formula Eases Supersonic Flight,” pp. 13-14.

32. Gordon Swanborough, United States Military Aircraft Since 1909 (London: Putnam, 1963,
pp. 151, 153.

33. Hansen, Engineer in Charge, p. 337.




Case 2 | Richard Whitcomb and the Quest for Aerodynamic Efficiency

A delegation of Convair engineers visited Langley in mid-August 1952,
where the engineers witnessed a disappointing test of an YF-102 model in
the 8-foot HST. The data indicated, according to the NACA at least, that
the YF-102 was unable to reach Mach 1 in level flight. The transonic drag
exhibited near Mach 1 simply counteracted the ability of the J57 to push
the YF-102 through the sound barrier. They asked Whitcomb what could be
done, and he unveiled his new rule of thumb for the design of supersonic
aircraft. The data, Whitcomb’s solution, and what was perceived as the
continued skepticism on the part of his boss, John Stack, left the Convair
engineers unconvinced as they went back to San Diego with their model.>*
They did not yet see the area rule as the solution to their perceived problem.

Nevertheless, Whitcomb worked with Convair’s aerodynamicists to
incorporate the area rule into the YF-102. New wind tunnel evaluations
in May 1953 revealed a nominal decrease in transonic drag. He traveled
to San Diego in August to assist Convair in reshaping the YF-102 fuselage.
The NACA notified Convair that the modified design, soon be designated
the YF-102A, was capable of supersonic flight in October.>

Despite the fruitful collaboration with Whitcomb, Convair was hedg-
ing its bets when it continued the production of the prototype YF-102 in
the hope that it was a supersonic airplane. The new delta wing fighter with
a straight fuselage was unable to reach its designed supersonic speeds
during its full-scale flight evaluation and tests by the Air Force in January
1954. The disappointing performance of the YF-102 to reach only Mach
0.98 in level flight confirmed the NACA’s wind tunnel findings and validated
Whitcomb’s research that led to his area rule. The Air Force realistically
shifted the focus toward production of the YF-102A after NACA Director
Hugh Dryden guaranteed that Chief of Staff of the Air Force Gen. Nathan
F. Twining developed a solution to the problem and that the information
had been made available to Convair and the rest of the aviation industry.
The Air Force ordered Convair to stop production of the YF-102 and retool
to manufacture the improved area rule design.3®

It took Convair only 7 months to prepare the prototype YF-1024, thanks
to the collaboration with Whitcomb. Overall, the new fighter-interceptor

34. Baals and Corliss, Wind Tunnels of NASA, p. 62; Hansen, Engineer in Charge, p. 337.
35. Hansen, Engineer in Charge, p. 337.

36. Hansen, Engineer in Charge, pp. 337-338; Richard P. Hallion, On the Frontier: Flight
Research at Dryden, 1946-1981 (Washington, DC: NASA, 1984), p. 90; Baals and Corliss,
Wind Tunnels of NASA, p. 63.

101



102

NASA's Contributions to Aeronautics

was much more refined than its predecessor was, with sharper features
at the redesigned nose and canopy. An even more powerful version of the
J57 turbojet engine produced 17,000 pounds thrust with afterburner. The
primary difference was the contoured fuselage that resembled a wasp’s
waist and obvious fairings that expanded the circumference of the tail.
With an area rule fuselage, the newly re-designed YF-102A easily went
supersonic. Convair test pilot Pete Everest undertook the second flight
test on December 21, 1954, during which the YF-102A climbed away
from Lindbergh Field, San Diego, and “slipped easily past the sound
barrier and kept right on going.” More importantly, the YF-102As top
speed was 25 percent faster, at Mach 1.2.%7

The Air Force resumed the contract with Convair, and the manu-
facturer delivered 975 production F-102A air defense interceptors,
with the first entering active service in mid-1956. The fighter-intercep-
tors equipped Air Defense Command and United States Air Force in
Europe squadrons during the critical period of the late 1950s and 1960s.
The increase in performance was dramatic. The F-102A could cruise at
1,000 mph and at a ceiling of over 50,000 feet. It replaced three subsonic
interceptor aircraft in the Air Force inventory—the North American
F-86D Sabre, F-89 Scorpion, and F-94 Starfire—which were 600-650
mph aircraft with a 45,000-foot ceiling range. Besides speed and alti-
tude, the F-102A was better equipped to face the Soviet Myasishchev
Bison, Tupolev Bear, and Ilyushin Badger nuclear-armed bombers
with a full complement of Hughes Falcon guided missiles and Mighty
Mouse rockets. Convair incorporated the F-102A's armament in a drag-
reducing internal weapons bay.

When the F-102A entered operational service, the media made much
of the fact that the F-102 “almost ended up in the discard heap” because
of its “difficulties wriggling its way through the sound barrier.” With
an area rule fuselage, the F-102A “swept past the sonic problem.” The
downside to the F-102As supersonic capability was the noise from its
J57 turbojet. The Air Force regularly courted civic leaders from areas
near Air Force bases through familiarization flights so that they would
understand the mission and role of the F-102A.38

37. Hansen, Engineer in Charge, 338; Swanborough, United States Military Aircraft Since 1909, p.
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The Air Force's F-102 got a whole new look after implementing Richard Whitcomb's area rule.

At left is the YF-102 without the area rule, and at right is the new YF-102A version. NASA.

Convair produced the follow-on version, the F-106 Delta Dart, from
1956 to 1960. The Dart was capable of twice the speed of the Dagger with
its Pratt & Whitney J75 engine.*® The F-106 was the primary air defense
interceptor defending the continental United States up to the early 1980s.
Convair built upon its success with the F-102A and the F-106, two cor-
nerstone aircraft in the Air Force’s Century series of aircraft, and intro-
duced more area rule aircraft: the XF2Y-1 Sea Dart and the B-58 Hustler.*

The YF-102/YF-102A exercise was valuable in demonstrating the
importance of the area rule and of the NACA to the aviation industry and
the military, especially when a major contract was at stake.*! Whitcomb’s
revolutionary and intuitive idea enabled a new generation of supersonic
military aircraft, and it spread throughout the industry. Like Convair,
Chance Vought redesigned its F8U Crusader carrier-based interceptor
with an area rule fuselage. The first production aircraft appeared in
September 1956, and deliveries began in March 1957. Four months later,
in July 1957, Marine Maj. John H. Glenn, Jr., as part of Project Bullet,

39. Swanborough, United States Military Aircraft Since 1909, pp. 152, 154-155.
40. Hallion, On the Frontier, p. 57.
41.1bid., p. 96.
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made a recordbreaking supersonic transcontinental flight from Los
Angeles to New York in 3 hours 23 minutes. Crusaders served in Navy
and Marine fighter and reconnaissance squadrons throughout the 1960s
and 1970s, with the last airframes leaving operational service in 1987.4?

Grumman was the first to design and manufacture from the ground
up an area rule airplane. Under contract to produce a carrier-based
supersonic fighter, the FOF-9 Tiger, for the Navy, Grumman sent a team
of engineers to Langley, just 2 weeks after receiving Whitcomb’s pivotal
September 1952 report, to learn more about transonic drag. Whitcomb
traveled to Bethpage, NY, in February 1953 to evaluate the design before
wind tunnel and rocket-model tests were to be conducted by the NACA.
The tests revealed that the new fighter was capable of supersonic speeds
in level flight with no appreciable transonic drag. Grumman constructed
the prototype, and in August 1954, with company test pilot C.H. “Corky”
Meyer at the controls, the F9F-9 achieved Mach 1 in level flight without
the assistance of an afterburner, which was a good 4 months before the
supersonic flight of the F-102A.*3 The Tiger, later designated the F11F-
1, served with the fleet as a frontline carrier fighter from 1957 to 1961
and with the Navy’s demonstration team, the Blue Angels.*

Another aircraft designed from the ground up with an area rule
fuselage represented the next step in military aircraft performance in
the late 1950s. The legendary Lockheed “Skunk Works” introduced the
F-104 Starfighter, “the missile with a man in it,” in 1954. Characterized
by its short, stubby wings and needle nose, the production prototype
F-104, powered by a General Electric J79 turbojet, was the first jet to
exceed Mach 2 (1,320 mph) in flight, on April 24, 1956. Starfighters
joined operational Air Force units in 1958. An international manu-
facturing scheme and sales to 14 countries in Europe, Asia, and the
Middle East ensured that the Starfighter was in frontline use through the
rest of the 20th century.*
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The area rule profile of the Grumman Tiger. National Air and Space Museum.

The area rule opened the way for the further refinement of super-
sonic aircraft, which allowed for concentration on other areas within
the synergistic system of the airplane. Whitcomb and his colleagues con-
tinued to issue reports refining the concept and giving designers more
options to design aircraft with higher performance. Working by himself
and with researcher Thomas L. Fischetti, Whitcomb worked to refine
high-speed aircraft, especially the Chance Vought F8U-1 Crusader, which
evolved into one of the finest fighters of the postwar era.*

Spurred on by the success of the F-104, NACA researchers at
the Lewis Flight Propulsion Laboratory in Cleveland, OH, estimated
that innovations in jet engine design would increase aircraft speeds

46. Richard T. Whitcomb and Thomas L. Fischetti, “Development of a Supersonic Area Rule and an
Application 1o the Design of a Wing-Body Combination Having High Liftto-Drag Ratios,” NACA
RML53H3TA (Aug. 18, 1953); and Richard T. Whitcomb, “Some Considerations Regarding the
Application of the Supersonic Area Rule to the Design of Airplane Fuselages,” NACA RML56E23a
(uly 3, 1956).
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upward of 2,600 mph, or Mach 4, based on advanced metallurgy
and the sophisticated aerodynamic design of engine inlets, including
variable-geometry inlets and exhaust nozzles.*” One thing was for
certain: supersonic aircraft of the 1950s and 1960s would have an area
rule fuselage.

The area rule gave the American defense establishment breathing
room in the tense 1950s, when the Cold War and the constant need to
possess the technological edge, real or perceived, was crucial to the sur-
vival of the free world. The design concept was a state secret at a time
when no jets were known to be capable of reaching supersonic speeds,
due to transonic drag. The aviation press had known about it since
January 1954 and kept the secret for national security purposes. The
NACA intended to make a public announcement when the first aircraft
incorporating the design element entered production. Aero Digest unof-
ficially broke the story a week early in its September 1955 issue, when
it proclaimed, “The SOUND BARRIER has been broken for good,” and
declared the area rule the “first major aerodynamic breakthrough in
the past decade.” In describing the area rule and the Grumman XF9F-9
Tiger, Aero Digest stressed the bottom line for the innovation: the area
rule provided the same performance with less power.*

The official announcement followed. Secretary of the Air Force Donald
A. Quarles remarked on the CBS Sunday morning television news program
Face the Nation on September 11, 1955, that the area rule was “the kind
of breakthrough that makes fundamental research so very important.”#
Aviation Week declared it “one of the most significant military scientific
breakthroughs since the atomic bomb.”*® These statements highlighted
the crucial importance of the NACA to American aeronautics.

The news of the area rule spread out to the American public. The
media likened the shape of an area rule fuselage to a “Coke bottle,” a

47 Richard Witkin, “Aviation: 2,600 M.PH.," New York Times, Oct. 20, 1957, p. X33.
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“wasp waist,” an “hourglass,” or the figure of actress Marilyn Monroe.>'
While the Coke bottle description of the area rule is commonplace
today, the NACA contended that Dietrich Kiichemann'’s Coke bottle and
Whitcomb’s area rule were not the same and lamented the use of the
term. Kiichemann'’s 1944 design concept pertained only to swept wings
and tailored the specific flow of streamlines. Whitcomb’s rule applied to
any shape and contoured a fuselage to maintain an area equivalent to
the entire stream tube.”? Whitcomb actually preferred “indented.”>* One
learned writer explained to readers of the Christian Science Monitor that
an aircraft with an area rule slipped through the transonic barrier due to
the “Huckleberry Finn technique,” which the character used to suck in
his stomach to squeeze through a hole in Aunt Polly’s fence.>
Whitcomb quickly received just recognition from the aeronautical
community for his 3-year development of the area rule. The National
Aeronautics Association awarded him the Collier Trophy for 1954 for his
creation of “a powerful, simple, and useful method” of reducing transonic
drag and the power needed to overcome it.>> Moreover, the award cita-
tion designated the area rule as “a contribution to basic knowledge” that
increased aircraft speed and range while reducing drag and using the same
power.>® As Vice President Richard M. Nixon presented him the award at
the ceremony, Whitcomb joined the other key figures in aviation history,
including Orville Wright, Glenn Curtiss, and his boss, John Stack, in the
pantheon of individuals crucial to the growth of American aeronautics.>”
Besides the Collier, Whitcomb received the Exceptional Service Medal
of the U.S. Air Force in 1955 and the inaugural NACA Distinguished
Service Medal in 1956.%% At the age of 35, he accepted an honorary doc-
tor of engineering degree from his alma mater, Worcester Polytechnic
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Institute, in 1956.5° Whitcomb also rose within the ranks at Langley,
where he became head of Transonic Aerodynamics Branch in 1958.
Whitcomb’s achievement was part of a highly innovative period for
Langley and the rest of the NACA, all of which contributed to the success
of the second aeronautical revolution. Besides John Stack’s involvement
in the X-1 program, the NACA worked with the Air Force, Navy, and the
aerospace industry on the resultant high-speed X-aircraft programs. Robert
T. Jones developed his swept wing theory. Other NACA researchers gen-
erated design data on different aircraft configurations, such as variable-
sweep wings, for high-speed aircraft. Whitcomb was directly involved
in two of these major innovations: the slotted tunnel and the area rule.®

Inventing the Supercritical Wing

Whitcomb was hardly an individual content to rest on his laurels or bask
in the glow of previous successes, and after his success with area rul-
ing, he wasted no time in moving further into the transonic and super-
sonic research regime. In the late 1950s, the introduction of practical
subsonic commercial jetliners led many in the aeronautical community
to place a new emphasis on what would be considered the next logical
step: a Supersonic Transport (SST). John Stack recognized the impor-
tance of the SST to the aeronautics program in NASA in 1958. As NASA
placed its primary emphasis on space, he and his researchers would work
on the next plateau in commercial aviation. Through the Supersonic
Transport Research Committee, Stack and his successor, Laurence K.
Loftin, Jr., oversaw work on the design of a Supersonic Commercial Air
Transport (SCAT). The goal was to create an airliner capable of outper-
forming the cruise performance of the Mach 3 North American XB-70
Valkyrie bomber. Whitcomb developed a six-engine arrowlike highly
swept wing SST configuration that stood out as possessing the best lift-
to-drag (L/D) ratio among the Langley designs called SCAT 4.°'
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Manufacturers’ analyses indicated that Whitcomb’s SCAT 4 exhib-
ited the lowest range and highest weight among a group of designs that
would generate high operating and fuel costs and was too heavy when
compared with subsonic transports. Despite President John F. Kennedy’s
June 1963 commitment to the development of “a commercially success-
ful supersonic transport superior to that being built in any other country
in the world,” Whitcomb saw the writing on the wall and quickly disas-
sociated himself from the American supersonic transport program in
1963.92 Always keeping in mind his priorities based on practicality and
what he could do to improve the airplane, Whitcomb said: “I'm going
back where I know I can make things pay off.”** For Whitcomb, practi-
cality outweighed the lure of speed equated with technological progress.

Whitcomb decided to turn his attention back toward improving sub-
sonic aircraft, specifically a totally new airfoil shape. Airfoils and wings
had been evolving over the course of the 20th century. They reflected the
ever-changing knowledge and requirements for increased aircraft perfor-
mance and efficiency. They also represented the bright minds that devel-
oped them. The thin cambered airfoil of the Wright brothers, the thick
airfoils of the Germans in World War I, the industry-standard Clark Y
of the 1920s, and the NACA four- and five-digit series airfoils innovated
by Eastman Jacobs exemplified advances in and general approaches
toward airfoil design and theory.**

Despite these advances and others, subsonic aircraft flew at 85-percent
efficiency.®® The problem was that, as subsonic airplanes moved toward
their maximum speed of 660 mph, increased drag and instability devel-
oped. Air moving over the upper surface of wings reached supersonic
speeds, while the rest of the airplane traveled at a slower rate. The plane
had to fly at slower speeds at decreased performance and efficiency.*

When Whitcomb returned to transonic research in 1964, he specifi-
cally wanted to develop an airfoil for commercial aircraft that delayed the
onset of high transonic drag near Mach 1 by reducing air friction and turbu-

62. Conway, High Speed Dreams, p. 55; Gorn, Expanding the Envelope, p. 56; Quote from
Chambers, Innovation in Flight, p. 28.

63. Gorn, Expanding the Envelope, p. 331.

64. For more information on the history of airfoils and their theorists and designers, see Anderson, A
History of Aerodynamics.

65. Rowes, "When You Ride Tomorrow's Airplanes, You'll Thank Dick Whitcomb,” p. 165.

66. Thomas Grubisich, “Fuel-Saver in Wings,” The Washington Post, July 11, 1974, p. C1.
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Whitcomb inspecting a supercritical wing model in the 8-Foot TPT. NASA.

lence across an aircraft’s major aerodynamic surface, the wing. Whitcomb
went intuitively against conventional airfoil design, in which the upper sur-
face curved downward on the leading and trailing edges to create lift. He
envisioned a smoother flow of air by turning a conventional airfoil upside
down. Whitcomb’s airfoil was flat on top with a downward curved rear sec-
tion.®” The shape delayed the formation of shock waves and moved them
further toward the rear of the wing to increase total wing efficiency. The
rear lower surface formed into deeper, more concave curve to compen-
sate for the lift lost along the flattened wing top. The blunt leading edge
facilitated better takeoff, landing, and maneuvering performance. Overall,
Whitcomb’s airfoil slowed airflow, which lessened drag and buffeting, and
improved stability.®®

With the wing captured in his mind’s eye, Whitcomb turned it into
mathematical calculations and transformed his findings into a wind tun-
nel model created by his own hands. He spent days at a time in the 8-foot
Transonic Pressure Tunnel (TPT), sleeping on a nearby cot when needed,
as he took advantage of the 24-hour schedule to confirm his findings.®

67. Gorn, Expanding the Envelope, p. 331.
68. Grubisich, "Fuel-Saver in Wings.”
69. Gorn, Expanding the Envelope, p. 331.
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Just as if he were still in his boyhood laboratory, Whitcomb stated that:
“When I've got an idea, I'm up in the tunnel. The 8-foot runs on two shifts,
so you have to stay with the job 16 hours a day. I didn’t want to drive back
and forth just to sleep, so I ended up bringing a cot out here.””

Whitcomb and researcher Larry L. Clark published their wind tunnel
findings in “An Airfoil Shape for Efficient Flight at Supercritical Mach
Numbers,” which summarized much of the early work at Langley. Their
investigation compared a supercritical airfoil with a NASA airfoil. They
concluded that the former developed more abrupt drag rise than the
latter.” Whitcomb presented those initial findings at an aircraft aerody-
namics conference held at Langley in May 1966.7> He called his new inno-
vation a “supercritical wing” by combining “super” (meaning “beyond”)
with “critical” Mach number, which is the speed supersonic flow revealed
itself above the wing. Unlike a conventional wing, where a strong shock
wave and boundary layer separation occurred in the transonic regime,
a supercritical wing had both a weaker shock wave and less developed
boundary layer separation. Whitcomb’s tests revealed that a supercriti-
cal wing with 35-degree sweep produced 5 percent less drag, improved
stability, and encountered less buffeting than a conventional wing at
speeds up to Mach 0.90.7

Langley Director of Aeronautics Laurence K. Loftin believed that
Whitcomb’s new supercritical airfoil would reduce transonic drag and
result in improved fuel economy. He also knew that wind tunnel data alone
would not convince aircraft manufacturers to adopt the new airfoil. Loftin
first endorsed the independent analyses of Whitcomb’s idea at the Courant
Institute at New York University, which proved the viability of the concept.
More importantly, NASA had to prove the value of the new technology to
industry by actually building, installing, and flying the wing on an aircraft.”*
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The major players met in March 1967 to discuss turning Whitcomb’s
concept into a reality. The practicalities of manufacturing, flight char-
acteristics, structural integrity, and safety required a flight research
program. The group selected the Navy Chance Vought F-8A fighter as the
flight platform. The F-8A possessed specific attributes that made it ideal
for the program. While not an airliner, the F-8A had an easily removable
modular wing readymade for replacement, fuselage-mounted landing
gear that did not interfere with the wing, engine thrust capable of opera-
tion in the transonic regime, and lower operating costs than a multi-engine
airliner. Langley contracted Vought to design a supercritical wing for the
F-8 and collaborated with Whitcomb during wind tunnel testing begin-
ning during the summer of 1967. Unfortunately for the program, NASA
Headquarters suspended all ongoing contracts in January 1968 and Vought
withdrew from the program.”

SCW Takes to the Air
Langley and the Flight Research Center entered into a joint program out-
lined in a November 1968 memorandum. Loftin and Whitcomb lead a
Langley team responsible for defining the overall objectives, determining
the wing contours and construction tolerances, and conducting wind tun-
nel tests during the flight program. Flight Research Center personnel deter-
mined the size, weight, and balance of the wing; acquired the F-8A airframe
and managed the modification program; and conducted the flight research
program. North American Rockwell won the contract for the supercriti-
cal wing and delivered it to the Flight Research Center in November 1970
at a cost of $1.8 million. Flight Research Center technicians installed the
new wing on a Navy surplus TF-8A trainer.” At the onset of the flight pro-
gram, Whitcomb predicted the new wing design would allow airliners to
cruise 100 mph faster and close to the speed of sound (nearly 660 mph) at
an altitude of 45,000 feet with the same amount of power.”

NASA test pilot Thomas C. McMurtry took to the air in the F-8
Supercritical Wing flight research vehicle on March 9, 1971. Eighty-six
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flights later, the program ended on May 23, 1973. A pivotal document gen-
erated during the program was Supercritical Wing Technology—A Progress
Report on Flight Evaluations, which captured the ongoing results of the
program. From the standpoint of actually flying the F-8, McMurtry noted
that: “the introduction of the supercritical wing is not expected to create
any serious problems in day-to-day transport operations.” The combined
flight and wind tunnel tests revealed increased efficiency of commercial
aircraft by 15 percent and, more importantly, a 2.5-percent increase in
profits. In the high-stakes business of international commercial aviation,
the supercritical wing and its ability to increase the range, speed, and fuel
efficiency of subsonic jet aircraft without an increase in required power
or additional weight was a revolutionary new innovation.”

NASA went beyond flight tests with the F-8, which was a flight-test
vehicle built specifically for proving the concept. The Transonic Aircraft
Technology (TACT) program was a joint NASA-U.S. Air Force partner-
ship begun in 1972 that investigated the application of supercritical wing
technology to future combat aircraft. The program evaluated a modified
General Dynamics F-111A variable-sweep tactical aircraft to ascertain
its overall performance, handling qualities, and transonic maneuver-
ability and to define the local aerodynamics of the airfoil and determine
wake drag. Whitcomb worked directly with General Dynamics and the
Air Force Flight Dynamics Laboratory on the concept.” NASA worked to
refine the supercritical wing, and its resultant theory through continued
comparison of wind tunnel and flight tests that continued the Langley
and Flight Research Center collaboration.®

Whitcomb developed the supercritical airfoil using his logical cut-
and-try procedures. Ironically, what was considered to be an unso-
phisticated research technique in the second half of the 20th century,
a process John Becker called “Edisonian,” yielded the complex super-
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critical airfoil. The key, once again, was the fact that the researcher,
Whitcomb, possessed “truly unusual insights and intuitions.”8! Whitcomb
used his intuitive imagination to search for a solution over the course
of 8 years. Mathematicians verified his work after the fact and created a
formula for use by the aviation industry.?> Whitcomb received patent No.
3,952,971 for his supercritical wing in May 1976. NASA possessed the
rights to granting licenses, and several foreign nations already had filed
patent applications.?

The spread of the supercritical wing to the aviation industry was
slow in the late 1970s. There was no doubt that the supercritical wing
possessed the potential of saving the airline industry $300 million annu-
ally. Both Government experts and the airlines agreed on its new impor-
tance. Unfortunately, the reality of the situation in the mid-1970s was
that the purchase of new aircraft or conversion of existing aircraft would
cost the airlines millions of dollars, and it was estimated that $1.5 bil-
lion in fuel costs would be lost before the transition would be com-
pleted. The impetus would be a fuel crisis like the Arab oil embargo,
during which the price per gallon increased from 12 to 30 cents within
the space of a year.

The introduction of the supercritical wing on production aircraft
centered on the Air Force’s Advanced Medium Short Take-Off and
Landing (STOL) Transport competition between McDonnell-Douglas
and Boeing to replace the Lockheed C-130 Hercules in the early 1970s.
The McDonnell-Douglas design, the YC-15, was the first large transport
with supercritical wings in 1975. Neither the YC-15 nor the Boeing YC-14
replaced the Hercules because of the cancellation of the competition,
but their wings represented to the press an “exotic advance” that pro-
vided new levels of aircraft fuel economy in an era of growing fuel costs.?

During the design process of the YC-14, Boeing aerodynamicists also
selected a supercritical airfoil for the wing. They based their decision
on previous research with the 747 airliner wing, data from Whitcomb’s
research at Langley, and the promising performance of a Navy T-2C
Buckeye that North American Aviation modified with a supercritical air-
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foil to gain experience for the F-8 wing project and undergoing flight
tests in November 1969. Boeing’s correlation of wind tunnel and flight
test data convinced the company to introduce supercritical airfoils on
the YC-14 and for all of its subsequent commercial transports, includ-
ing the triumphant “paperless” airplane, the 777 of the 1990s.%

The business jet community embraced the supercritical wing in the
increasingly fuel- and energy-conscious 1970s. Business jet pioneer Bill
Lear incorporated the new technology in the Canadair Challenger 600,
which took to the air in 1978. Rockwell International incorporated the
technology into the upgraded Sabreliner 65 of 1979. The extensively
redesigned Dassault Falcon 50, introduced the same year, relied upon a
supercritical wing that enabled an over-3,000-mile range.?”

The supercritical wing program gave NASA the ability to stay in the
public eye, as it was an obvious contribution to aeronautical technol-
ogy. The program also improved public relations and the stature of both
Langley and Dryden at a time in the 1960s and 1970s when the first “A”
in NASA—aeronautics—was secondary to the single “S”—space. For this
reason, historian Richard P. Hallion has called the supercritical wing
program “Dryden’s life blood” in the early 1970s.%

Subsonic transports, business jets, STOL aircraft, and uncrewed
aerial vehicles incorporate supercritical wing technology today.?® All
airliners today have supercritical airfoils custom-designed and fine-
tuned by manufacturers with computational fluid dynamics software
programs. There is no NASA supercritical airfoil family like the signifi-
cant NACA four- and five-airfoil families. The Boeing 777 wing embod-
ies a Whitcomb heritage. This revolutionary information appeared in
NASA technical notes (TN) and other publications with little or no fan-
fare and through direct consultation with Whitcomb. A Lockheed engi-
neer and former employee of Whitcomb in the late 1960s remarked on
his days at NASA Langley:

When I was working for Dick Whitcomb at NASA, there was hardly
a week that went by that some industry person did not come in to see
him. It was a time when NASA was being constantly asked for technical
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advice, and Dick always gave that advice freely. He was always there
when industry wanted him to help out. This is the kind of cooperation
that makes industry want to work with NASA. As a result of that sharing,
we have seen the influence of supercritical technology to go just about
every corner of our industry.”

Whitcomb set the stage and the direction of contemporary
aircraft design.

More accolades were given to Whitcomb by the Government and
industry during the years he worked on the supercritical wing. From
NASA, he received the Medal for Exceptional Scientific Achievement in
1969, and 5 years later, NASA Administrator James Fletcher awarded
Whitcomb $25,000 in cash for the invention of the supercritical wing
from NASA in June 1974. The NASA Inventions and Contributions Board
recommended the cash prize to recognize individual contributions to the
Agency’s programs. It was the largest cash award given to an individual
at NASA.’!' In 1969, Whitcomb accepted the Sylvanus Albert Reed Award
from the American Institute of Aeronautics and Astronautics, the orga-
nization’s highest honor for achievement in aerospace engineering. In
1973, President Richard M. Nixon presented him the highest honor for
science and technology awarded by the U.S. Government, the National
Medal of Science.®”? The National Aeronautics Association bestowed
upon Whitcomb the Wright Brothers Memorial Trophy in 1974 for his
dual achievements in developing the area rule and supercritical wing.”

Winglets— Yet Another Whitcomb Innovation

Whitcomb continued to search for ways to improve the subsonic air-
plane beyond his work on supercritical airfoils. The Organization of the
Petroleum Exporting Countries (OPEC) oil embargo of 1973-1974 dramat-
ically affected the cost of airline operations with high fuel prices.** NASA
implemented the Aircraft Energy Efficiency (ACEE) program as part of
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the national energy conservation effort in the 1970s. At this time, Science
magazine featured an article discussing how soaring birds used their tip
feathers to control flight characteristics. Whitcomb immediately shifted
focus toward the wingtips of an aircraft—specifically flow phenomena
related to induced drag—for his next challenge.®

Two types of drag affect the aerodynamic efficiency of a wing:
profile drag and induced drag. Profile drag is a two-dimensional phenom-
enon and is clearly represented by the iconic airflow in the slipstream
image that represents aerodynamics. Induced drag results from three-
dimensional airflow near the wingtips. That airflow rolls up over the tip
and produces vortexes trailing behind the wing. The energy exhausted
in the wingtip vortex creates induced drag. Wings operating in high-lift,
low-speed performance regimes can generate large amounts of induced
drag. For subsonic transports, induced drag amounts to as much as 50
percent of the total drag of the airplane.®®

As part of the program, Whitcomb chose to address the wingtip vor-
tex, the turbulent air found at the end of an airplane wing. These vortexes
resulted from differences in air pressure generated on the upper and lower
surfaces of the wing. As the higher-pressure air forms along the lower
surface of the wing, it creates its own airflow along the length of the wing.
At the wingtip, the airflow curls upward and forms an energy-robbing
vortex that trails behind. Moreover, wingtip vortexes create enough
turbulent air to endanger other aircraft that venture into their wake.

Whitcomb sought a way to control the wingtip vortex with a new
aeronautical structure called the winglet. Winglets are vertical wing-like
surfaces that extend above and sometimes below the tip of each wing.
A winglet designer can balance the relationship between cant, the angle
the winglet bends from the vertical, and toe, the angle the winglet devi-
ates from airflow, to produce a lift force that, when placed forward of
the airfoils, generates thrust from the turbulent wingtip vortexes. This
phenomenon is akin to a sailboat tacking upwind while, in the words of
aviation observer George Larson: “the keel squeezes the boat forward
like a pinched watermelon seed.”®’
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There were precedents for the use of what Whitcomb would call a
“nonplanar,” or nonhorizontal, lifting system. It was known in the bur-
geoning aeronautical community of the late 1800s that the induced drag
of wingtip vortexes degraded aerodynamic efficiency. Aeronautical pio-
neer Frederick W. Lanchester patented vertical surfaces, or “endplates,”
to be mounted at an airplane’s wingtips, in 1897. His research revealed
that vertical structures reduced drag at high lift. Theoretical studies
conducted by the Army Air Service Engineering Division in 1924 and
the NACA in 1938 in the United States and by the British Aeronautical
Research Committee in 1956 investigated various nonplanar lifting sys-
tems, including vertical wingtip surfaces.”® They argued that theoretically,
these structures would provide significant aerodynamic improvements
for aircraft. Experimentation revealed that while there was the poten-
tial of reducing induced drag, the use of simple endplates produced too
much profile drag to justify their use.”

Whitcomb and his research team investigated the drag-reducing
properties of winglets for a first-generation, narrow-body subsonic jet
transport in the 8-foot TPT from 1974 to 1976. They used a semispan
model, meaning it was cut in half and mounted on the tunnel wall
to enable the use of a larger test object that would facilitate a higher
Reynolds number and the use of specific test equipment. He compared
a wing with a winglet and the same wing with a straight extension to
increase its span. The constant was that both the winglet and extension
exerted the same structural load on the wing. Whitcomb found that winglets
reduced drag by approximately 20 percent and doubled the improvement
in the lift-to-drag ratio to 9 percent compared with the straight wing exten-
sion. Whitcomb published his findings in “A Design Approach and Selected
Wind-Tunnel Results at High Subsonic Speeds for Wing-Tip Mounted
Winglets.”!® It was obvious that the reduction in drag generated by a pair
of winglets boosted performance by enabling higher cruise speeds.
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With the results, Whitcomb provided a general design approach for
the basic design of winglets based on theoretical calculations, physical
flow considerations, and emulation of his overall approach to aerody-
namics, primarily “extensive exploratory experiments.” What made a
winglet rather than a simple vertical surface attached to the end of a
wing was the designer’s ability to use well-known wing design princi-
ples to incorporate side forces to reduce lift-induced inflow above the
wingtip and outflow below the tip to create a vortex diffuser. The place-
ment and optimum height of the winglet reflected both aerodynamic
and structural considerations in which the designer had to take into
account the efficiency of the winglet as well as its weight. For practical
operational purposes, the lower portion of the winglet could not hang
down far below the wingtip for fear of damage on the ground. The fact
that the ideal airfoil shape for a winglet was NASA’s general aviation air-
foil made it even easier to incorporate winglets into an aircraft design.'”'
Whitcomb’s basic rules provided that foundation.

Experimental wind tunnel studies of winglets in the 8-foot TPT
continued through the 1970s. Whitcomb and his colleagues Stuart G.
Flechner and Peter F. Jacobs concentrated next on the effects of wing-
lets on a representative second-generation jet transport—the semispan
model vaguely resembled a Douglas DC-10—at high subsonic speeds,
specifically Mach 0.7 to 0.83. They concluded that winglets significantly
reduced the induced drag coefficient while lowering overall drag. The
smoothing out of the vortex behind the wingtip by the winglet accounted
for the reduction in induced drag. As in the previous study, they saw that
winglets generated a small increase in lift. The researchers calculated that
winglets reduced drag better than simple wingtip extensions did, despite
a minor increase in structural bending moments.!%?

Another benefit derived from winglets was the increase in the aspect
ratio of wing without compromising its structural integrity. The aspect
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ratio of a wing is the relationship between span—the distance from tip
to tip—and chord—the distance between the leading and trailing edge.
A long, thin wing has a high aspect ratio, which produces longer range
at a certain cruise speed because it does not suffer from wingtip vortexes
and the corresponding energy losses as badly as a short and wide chord
low aspect ratio wing. The drawback to a high aspect ratio wing is that
its long, thin structure flexes easily under aerodynamic loads. Making
this type of wing structurally stable required strengthening that added
weight. Winglets offered increased aspect ratio with no increase in wing-
span. For every 1-foot increase in wingspan, meaning aspect ratio, there
was an increase in wing-bending force. Wings structurally strong enough
to support a 2-foot span increase would also support 3-foot winglets while
producing the same gain in aspect ratio.!'®

NASA made sure the American aviation industry was aware of the
results of Whitcomb’s winglet studies and its part in the ACEE program.
Langley organized a meeting focusing on advanced technologies devel-
oped by NASA for Conventional Take-Off and Landing (CTOL) aircraft,
primarily airliners, business jets, and personal aircraft, from February 28
to March 3, 1978. During the session dedicated to advanced aero-dynamic
controls, Flechner and Jacobs summarized the results of wind tunnel
results on winglets applied to a Boeing KC-135 aerial tanker, Lockheed
L-1011 and McDonnell-Douglas DC-10 airliners, and a generic model
with high aspect ratio wings.'* Presentations from McDonnell-Douglas
and Boeing representatives revealed ongoing industry work done under
contract with NASA. Interest in winglets was widespread at the con-
ference and after as manufacturers across the United States began to
consider their use and current and future designs.'%

Whitcomb’s winglets first found use on general aviation aircraft at
the same time he and his colleagues at Langley began testing them on air
transport models and a good 4 years before the pivotal CTOL conference.
Another visionary aeronautical engineer, Burt Rutan, adopted them for
his revolutionary designs. The homebuilt Vari-Eze of 1974 incorporated
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winglets combined with vertical control surfaces. The airplane was an
overall innovative aerodynamic configuration with its forward canard,
high aspect ratio wings, low-weight composite materials, a lightweight
engine, and pusher propeller, Whitcomb’s winglets on Rutan’s Vari-Eze
offered private pilots a stunning alternative to conventional airplanes.
His nonstop world-circling Voyager and the Beechcraft Starship of 1986
also featured winglets.!%

The business jet community was the first to embrace winglets and
incorporate them into production aircraft. The first jet-powered air-
plane to enter production with winglets was the Learjet Model 28 in
1977. Learjet was in the process of developing a new business jet, the
Model 55, and built the Model 28 as a testbed to evaluate its new propri-
etary high aspect ratio wing and winglet system, called the Longhorn.
The manufacturer developed the system on its own initiative without
assistance from Whitcomb or NASA, but it was clear where the winglets
came from. The comparison flight tests of the Model 28 with and with-
out winglets showed that the former increased its range by 6.5 percent.
An additional benefit was improved directional stability. Learjet exhib-
ited the Model 28 at the National Business Aircraft Association conven-
tion and put it into production because of its impressive performance
and included winglets on its successive business jets.!”” Learjet’s com-
petitor, Gulfstream, also investigated the value of winglets to its aircraft
in the late 1970s. The Gulfstream III, IV, and V aircraft included winglets
in their designs. The Gulfstream V, able to cruise at Mach 0.8 for a dis-
tance of 6,500 nautical miles, captured over 70 national and world flight
records and received the 1997 Collier Trophy. Records aside, the ability
to fly business travelers nonstop from New York to Tokyo was unprece-
dented after the introduction of the Gulfstream V in 1995.1%

Actual acceptance on the part of the airline industry was mixed in the
beginning. Boeing, Lockheed, and Douglas each investigated the possibility
of incorporating winglets into current aircraft as part of the ACEE program.
Winglets were a fundamental design technology, and each manufacturer

106. Chambers, Concept fo Redlity, p. 41. During the takeoff for the world flight, one of Voyager's
winglets broke off, and pilot Dick Rutan had to severely maneuver the aircraft to break the other one
off before the journey could continue.
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The KC-135 winglet test vehicle in flight over Dryden. NASA.

had to design them for the specific airframe. NASA awarded contracts to
manufacturers to experiment with incorporating them into existing and
new designs. Boeing concluded in May 1977 that the economic benefits
of winglets did not justify the cost of fabrication for the 747. Lockheed
chose to extend the wingtips for the L-1011 and install flight controls
to alleviate the increased structural loads. McDonnell-Douglas imme-
diately embraced winglets as an alternative to increasing the span of a
wing and modified a DC-10 for flight tests.!®

The next steps for Whitcomb and NASA were flight tests to dem-
onstrate the viability of winglets for first and second transport and air-
liner generations. Whitcomb and his team chose the Air Force’s Boeing
KC-135 aerial tanker as the first test airframe. The KC-135 shared with
its civilian version, the pioneering 707, and other early airliners and
transports an outer wing that exhibited elliptical span loading with high
loading at the outer panels. This wingtip loading was ideal for winglets.
Additionally, the Air Force wanted to improve the performance and fuel
efficiency of the aging aerial tanker. Whitcomb and this team designed
the winglet, and Boeing handled the structural design and fabrication
of winglets for an Air Force KC-135. NASA and the Air Force performed
the flights tests at Dryden Flight Research Center in 1979 and 1980.
The tests revealed a 20-percent reduction in drag because of lift, with a

109. Chambers, Concept to Redlity, p. 38.
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7-percent gain in the lift-to-drag ratio at cruise, which confirmed
Whitcomb’s findings at Langley.!'®

McDonnell-Douglas conducted a winglet flight evaluation program
with a DC-10 airliner as part of NASAs Energy Efficient Transport (EET)
program within the larger ACEE program in 1981. The DC-10 represented
a second-generation airliner with a wing designed to produce nonelliptic
loading to avoid wingtip pitch-up characteristics. As a result, the wing
bending moments and structural requirements were not as dramatic as
those found on a first-generation airliner, such as the 707. Whitcomb and
his team conducted a preliminary wind tunnel examination of a DC-10
model in the 8-foot TPT. McDonnell-Douglas engineers designed the
aerodynamic and structural shape of the winglets and manufacturing
personnel fabricated them. The company performed flights tests over 16
months, which included 61 comparison flights with a DC-10 leased from
Continental Airlines. These industry flight tests revealed that the addition
of winglets to a DC-10, combined with a drooping of the outboard aile-
rons, produced a 3-percent reduction in fuel consumption at passenger-
carrying distances, which met the bottom line for airline operators.!!!

The DC-10 did not receive winglets because of the prohibitive cost
of Federal Aviation Administration (FAA) recertification. Nevertheless,
McDonnell-Douglas was a zealous convert and used the experience and
design data for the advanced derivative of the DC-10, the MD-11, when
that program began in 1986. The first flight in January 1990 and the gru-
eling 10-month FAA certification process that followed validated the use
of winglets on the MD-11. The extended range version could carry almost
300 passengers at distances over 8,200 miles, which made it one of the far-
ther flying aircraft in history and ideal for expanding Pacific air routes.!!?

Despite its initial reluctance, Boeing justified the incorporation of
winglets into the new 747-400 in 1985, making it the first large U.S. com-
mercial transport to incorporate winglets. The technology increased

110. KC-1935 Winglet Program Review: Proceedings of a Symposium Held At Dryden Flight
Research Center, Sept. 16, 1981, NASA CP-2211 (Washington, DC: NASA, 1982), pp. 1,
11-12; Chambers, Concept fo Reality, pp. 38-39. In the end, the Air Force chose not fo equip its
KC-135 aerial tankers with winglets, opting for new engines instead.
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1983), pp. v, 115-116; Chambers, Concept fo Reality, pp. 38, 39, 41, 43.

112. Chambers, Concept to Redlity, p. 43; "Winglets for the Airlines,” n.p., n.d.; The Boeing
Company, “Commercial Airplanes: MD-11 Family,” 2009, hfp://www.boeing.com,/commercial/
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the new airplane’s range by 3 percent, enabling it to fly farther and
with more passengers or cargo. The Boeing winglet differed from the
McDonnell-Douglas design in that it did not have a smaller fin below
the wingtip. Boeing engineers felt the low orientation of the 747 wing,
combined with the practical presence of airport ground-handling equip-
ment, made the deletion necessary.'3

It was clear that Boeing included winglets on the 747-400 for
improved performance. Boeing also offered winglets as a customer
option for its 737 series aircraft and adopted blended winglets for its
737 and the 737-derivative Business Jet provided by Aviation Partners,
Inc., of Seattle in the early 1990s. The specialty manufacturer introduced
its proprietary “blended winglet” technology—the winglet is joined to
the wing via a characteristic curve—and started retrofitting them to
Gulfstream II business jets. The performance accessory increased fuel
efficiency by 7 percent. That work lead to commercial airliner accounts.
Winglets for the 737 offered fuel savings and reduced noise pollution. The
relationship with Boeing lead to a joint venture called Aviation Partners
Boeing, which now produces winglets for the 757 and 767 airliners. By
2003, there were over 2,500 Boeing jets flying with blended winglets.
The going rate for a set of the 8-foot winglets in 2006 was $600,000.!*

Whitcomb’s winglets found use on transport, airliner, and business
jet applications in the United States and Europe. Airbus installed them
on production A319, A320, A330, and A340 airliners. It was apparent that
regardless of national origin, airlines chose a pair of winglets for their
aircraft because they offered a savings of 5 percent in fuel costs. Rather
than fly at the higher speeds made possible by winglets, most airline
operators simply cruised at their pre-winglet speeds to save on fuel.''>

Whitcomb’s aerodynamic winglets also found a place outside aero-
nautics, as they met the hydrodynamic needs of the international yacht
racing community. In preparation for the America’s Cup yacht race in
1983, Australian entrepreneur Alan Bond embraced Whitcomb’s work on

113. Chambers, Concept to Redlity, pp. 38, 43.
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spiraling vortex drag and believed it could be applied to racing yachts. He
assembled an international team that designed a winged keel, essentially
a winglet tacked onto the bottom of the keel, for Australia II. Stunned
by Australia IT's upsetting the American 130-year winning streak, the
international yachting community heralded the innovation as the key
to winning the race. Bond argued that the 1983 America’s Cup race was
instrumental to the airline industry’s adoption of the winglet and erro-
neously believed that McDonnell-Douglas engineers began experiment-
ing with winglets during the summer of 1984.1¢

Of the three triumphant innovations pioneered by Whitcomb, the
area rule fuselage, the supercritical wing, and the winglet, perhaps it
is the last that is the most easily recognizable for everyday air travel-
ers and aviation observers. Engineer and historian Joseph R. Chambers
remarked that: “no single NASA concept has seen such widespread use
on an international level as Whitcomb’s winglets.” The application to
commercial, military, and general aviation aircraft continues.!"”

Whitcomb and History
Aircraft manufacturers tried repeatedly to lure Whitcomb away from
NASA Langley with the promise of a substantial salary. At the height of
his success during the supercritical wing program, Whitcomb remarked:
“What you have here is what most researchers like—independence. In
private industry, there is very little chance to think ahead. You have to
worry about getting that contract in 5 or 6 months.”!® Whitcomb’s inde-
pendent streak was key to his and the Agency’s success. His relationship
with his immediate boss, Laurence K. Loftin, the Chief of Aerodynamic
Research at Langley, facilitated that autonomy until the late 1970s.
When ordered to test a laminar flow concept that he felt was impracti-
cal in the 8-foot TPT, which was widely known as “Whitcomb’s tunnel,”
he retired as head of the Transonic Aerodynamics Branch in February
1980. He had worked in that organization since coming to Hampton
from Worcester 37 years earlier, in 1943.11°

Whitcomb’s resignation was partly due to the outside threat to his
independence, but it was also an expression of his practical belief that
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his work in aeronautics was finished. He was an individual in touch
with major national challenges and having the willingness and ability to
devise solutions to help. When he made the famous quote “We've done
all the easy things—Ilet’s do the hard [emphasis Whitcomb’s] ones,” he
made the simple statement that his purpose was to make a difference.!?
In the early days of his career, it was national security, when an inno-
vation such as the area rule was a crucial element of the Cold War ten-
sions between the United States and the Soviet Union. The supercritical
wing and winglets were Whitcomb’s expression of making commercial
aviation and, by extension, NASA, viable in an environment shaped by
world fuel shortages and a new search for economy in aviation. He was
a lifelong workaholic bachelor almost singularly dedicated to subsonic
aerodynamics. While Whitcomb exhibited a reserved personality outside
the laboratory, it was in the wind tunnel laboratory that he was unre-
strained in his pursuit of solutions that resulted from his highly intui-
tive and individualistic research methods.

With his major work accomplished, Whitcomb remained at Langley
as a part-time and unpaid distinguished research associate until 1991.
With over 30 published technical papers, numerous formal presenta-
tions, and his teaching position in the Langley graduate program, he was
a valuable resource for consultation and discussion at Langley’s numer-
ous technical symposiums. In his personal life, Whitcomb continued his
involvement in community arts in Hampton and pursued a new quest:
an alternative source of energy to displace fossil fuels.!?!

Whitcomb’s legacy is found in the airliners, transports, business jets,
and military aircraft flying today that rely upon the area rule fuselage,
supercritical wings, and winglets for improved efficiency. The fastest,
highest-flying, and most lethal example is the U.S. Air Force’s Lockheed
Martin F-22 Raptor multirole air superiority fighter. Known widely as
the 21st Century Fighter, the F-22 is capable of Mach 2 and features an
area rule fuselage for sustained supersonic cruise, or supercruise, per-
formance and a supercritical wing. The Raptor was an outgrowth of the
Advanced Tactical Fighter (ATF) program that ran from 1986 to 1991.
Lockheed designers benefited greatly from NASA work in fly-by-wire
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control, composite materials, and stealth design to meet the mission of
the new aircraft. The Raptor made its first flight in 1997, and produc-
tion aircraft reached Air Force units beginning in 2005.'??

Whitcomb’s ideal transonic transport also included an area rule
fuselage, but because most transports are truly subsonic, there is no
need for that design feature for today’s aircraft.'?*> The Air Force’s C-17
Globemaster III transport is the most illustrative example. In the early
1990s, McDonnell-Douglas used the knowledge generated with the YC-15
to develop a system of new innovations—supercritical airfoils, winglets,
advanced structures and materials, and four monstrous high-bypass tur-
bofan engines—that resulted in the award of the 1994 Collier Trophy.
After becoming operational in 1995, the C-17 is a crucial element in the
Air Force’s global operations as a heavy-lift, air-refuelable cargo trans-
port.'?* After the C-17 program, McDonnell-Douglas, which was absorbed
into the Boeing Company in 1997, combined NASA-derived advanced
blended wing body configurations with advanced supercritical airfoils
and winglets with rudder control surfaces in the 1990s.'?

Unfortunately, Whitcomb’s tools are in danger of disappearing. Both
the 8-foot HST and the 8-foot TPT are located beside each other on
Langley’s East Side, situated between Langley Air Force Base and the
Back River. The National Register of Historic Places designated the
Collier-winning 8-foot HST a national historic landmark in October
1985.12¢ Shortly after Whitcomb’s discovery of the area rule, the NACA
suspended active operations at the tunnel in 1956. As of 2006, the
Historic Landmarks program designated it as “threatened,” and its future
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The Boeing C-17 Globemaster lIl. U.S. Air Force.

disposition was unclear.'?”” The 8-foot TPT opened in 1953. He validated
the area rule concept and conducted his supercritical wing and wing-
let research through the 1950s, 1960s, and 1970s in this tunnel, which
was located right beside the old 8-foot HST. The tunnel ceased oper-
ations in 1996 and has been classified as “abandoned” by NASA.'?® In
the early 21st century, the need for space has overridden the historical
importance of the tunnel, and it is slated for demolition.

Overall, Whitcomb and Langley shared the quest for aerody-
namic efficiency, which became a legacy for both. Whitcomb flour-
ished working in his tunnel, limited only by the wide boundaries of his
intellect and enthusiasm. One observer considered him to be “flight
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A 3-percent scale model of the Boeing Blended Wing Body 450 passenger subsonic transport
in the Langley 14 x 22 Subsonic Tunnel. NASA.

theory personified.”'? More importantly, Whitcomb was the ultimate
personification of the importance of the NACA and NASA to American
aeronautics during the second aeronautical revolution. The NACA and
NASA hired great people, pure and simple, in the quest to serve American
aeronautics. These bright minds made up a dynamic community that
created innovations and ideas that were greater than the sum of their
parts. Whitcomb, as one of those parts, fostered innovations that proved
to be of longstanding value to aviation.
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NACA-NASA and the
Rotary Wing Revolution

John F. Ward

The NACA and NASA have always had a strong interest in promoting
Vertical/Short Take-Off and Landing (V/STOL) flight, particularly those sys-
tems that make use of rotary wings: helicopters, autogiros, and filt rofors.
New structural materials, advanced propulsion concepts, and the advent of
fly-by-wire technology influenced emergent rotary wing technology. Work by
researchers in various Centers, offen in partnership with the military, enabled
the United States to achieve dominance in the design and development of
advanced military and civilian rotary wing aircraft systems, and continues
fo address important developments in this field.

F WORLD WAR | LAUNCHED THE FIXED WING AIRCRAFT INDUSTRY, the

Second World War triggered the rotary wing revolution and sowed the

seeds of the modern American helicopter industry. The interwar years
had witnessed the development of the autogiro, an important short takeoff
and landing (STOL) predecessor to the helicopter, but one incapable of true
vertical flight, or hovering in flight. The rudimentary helicopter appeared
at the end of the interwar era, both in Europe and America. In the United
States, the Sikorsky R-4 was the first and only production helicopter used
in United States’ military operations during the Second World War. R-4
production started in 1943 as a direct outgrowth of the predecessor, VS-300,
the first practical American helicopter, which Igor Sikorsky had refined by
the end of 1942. That same year, the American Helicopter Society (AHS)
was chartered as a professional engineering society representing the rotary
wing industry. Also in 1943, the Civil Aeronautics Administration (CAA),
forerunner of the Federal Aviation Administration (FAA), issued Aircraft
Engineering Division Report No. 32, “Proposed Rotorcraft Airworthiness.”
Thus was America’s rotary wing industry birthed.!

1. Russell E. Lee, "Famous Firsts in Helicopter History,” in Walter J. Boyne and Donald S. lopez, eds.,
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p. 16; Mike Debraggio, “The American Helicopter Society—A Leader for 40 Years,” Veriflite, vol.
30, no. 4 (May/June 1984, p. 56.
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Igor Sikorsky flying the experimental VS-300. Sikorsky.

As a result of the industry’s growth spurred by continued military
demand during the Korean war and the Vietnam conflict, interest in heli-
copters grew almost exponentially. As a result of the boost in demand
for helicopters, Sikorsky Aircraft, Bell Helicopter, Piasecki Helicopter
(which evolved into Vertol Aircraft Corporation in 1956, becoming the
Vertol Division of the Boeing Company in 1960), Kaman Aircraft, Hughes
Helicopter, and Hiller Aircraft entered design evaluations and prototype
production contracts with the Department of Defense. Over the past 65
years, the rotary wing industry has become a vital sector of the world avia-
tion system. Types of private, commercial and military utilization abound
using aircraft designs of increasing capability, efficiency, reliability, and
safety. Helicopters have now been joined by the military V-22, the first
operational tilt rotor, and emerging rotary wing unmanned aerial vehicles
(UAV), with both successful rotary wing concepts having potential civil
applications. Over the past 78 years, the National Advisory Committee for
Aeronautics (NACA) and its successor, the National Aeronautics and Space
Administration (NASA), have made significant research and technology
contributions to the rotary wing revolution, as evidenced by numerous
technical publications on rotary wing research testing, database analysis,
and theoretical developments published since the 1930s. These technical
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resources have made significant contributions to the Nation’s aircraft
industry, military services, and private and commercial enterprises.

The Research Culture

As part of the broad scope of aeronautics research, the rotary wing efforts
spanned the full range of research activity, including theoretical study,
wind tunnel testing, and ground-based simulation. Flight-test NACA
rotary wing research began in the early 1920s with exploratory wind tun-
nel tests of simple rotor models as the precursor to the basic research
undertaken in the 1930s. The Langley Memorial Aeronautical Laboratory,
established at Hampton, VA, in 1917, purchased a Pitcairn PCA-2 auto-
giro in 1931 for research use.? The National Advisory Committee for
Aeronautics had been formed in 1915 to “supervise and direct scien-
tific study the problems of flight, with a view to their practical solution.”
Rotary wing research at Langley proceeded under the direction of the
Committee with annual inspection meetings by the full Committee to
review aeronautical research progress. In the early 1940s, the Ames
Aeronautical Laboratory, now known as the Ames Research Center,
opened for research at Moffett Field in Sunnyvale, CA. Soon after, the
Aircraft Engine Research Laboratory, known for many years as the Lewis
Research Center and now known as the Glenn Research Center, opened
in Cleveland, OH. Each NACA Center had unique facilities that accom-
modated rotary wing research needs. Langley Research Center played a
major role in NACA-NASA rotary wing research until 1976, when Ames
Research Center was assigned the lead role.

The rotary wing research is carried out by a staff of research engi-
neers, scientists, technical support specialists, senior management, and
administrative personnel. The rotary wing research staff draws on the
expertise of the technical discipline organizations in areas such as aero-
dynamics, structures and materials, propulsion, dynamics, acoustics,
and human factors. Key support functions include such activities as
test apparatus design and fabrication, instrumentation research and
development (R&D), and research computation support. The constant
instrumentation challenge is to adapt the latest technology available to
acquiring reliable research data. Over the years, the related challenge
for computation tasks is to perform data reduction and analysis for the

2. FB. Gustafson, "A History of NACA Research on RotatingWing Aircraft,” Journal of the Ameri-
can Helicopter Society, vol. 1, no. 1 {Jan. 1956), p. 16.
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increasing sophistication and scope of theoretical investigations and
test projects. In the NACA environment, the word “computers” actu-
ally referred to a large cadre of female mathematicians. They managed
the test measurement recordings, extracted the raw data, analyzed the
data using desktop electromechanical calculators, and hand-plotted the
results. The NASA era transformed this work from a tedious enterprise
into managing the application of the ever-increasing power of modern
electronic data recording and computing systems.

The dissemination of the rotary wing research results, which form
the basis of NACA-NASA contributions over the years, takes a number
of forms. The effectiveness of the contributions depends on making
the research results and staff expertise readily available to the Nation’s
Government and industry users. The primary method has tradition-
ally been the formal publication of technical reports, studies, and com-
pilations that are available for exploitation and use by practitioners.
Another method that fosters immediate dialogue with research peers
and potential users is the presentation of technical papers at confer-
ences and technical meetings. These papers are published in the con-
ference proceedings and are frequently selected for broader publication
as papers or journal articles by technical societies such as the Society of
Automotive Engineers (SAE)-Aerospace and the American Institute of
Aeronautics and Astronautics (ATIAA). Since 1945, NACA-NASA rotary
wing research results have been regularly published in the Proceedings
of the American Helicopter Society Annual Forum and the Journal of
the AHS. During this time, 30 honorary awards have been presented to
NACA and NASA researchers at the Annual Forum Honors Night cere-
monies. These awards were given to individual researchers and to tech-
nical teams for significant contributions to the advancement of rotary
wing technology.

Over the years, the technical expertise of the personnel conducting
the ongoing rotary wing research at NACA-NASA has represented a valu-
able national resource at the disposal of other Government organizations
and industry. Until the Second World War, small groups of rotary wing
specialists were the prime source of long-term, fundamental research. In
the late 1940s, the United States helicopter industry emerged and estab-
lished technical teams focused on more near-term research in support
of their design departments. In turn, the military recognized the need
to build an in-house research and development capability to guide their
major investments in new rotary wing fleets. The Korean war marked
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the beginning of the U.S. Army’s long-term commitment to the utiliza-
tion of rotary wing aircraft. In 1962, Gen. Hamilton H. Howze, the first
Director of Army Aviation, convened the U.S. Army Tactical Mobility
Requirements Board (Howze Board).? This milestone launched the emer-
gence of the Air Mobile Airborne Division concept and thereby the steady
growth in U.S. military helicopter R&D and production. The working
relationship among Government agencies and industry R&D organiza-
tions has been close. In particular, the availability of unique facilities
and the existence of a pool of experienced rotary wing researchers at
NASA led to the United States Army’s establishing a “special relation-
ship” with NASA and an initial research presence at the Ames Research
Center in 1965. This was followed by the creation of co-located and inte-
grated research organizations at the Ames, Langley, and Glenn Research
Centers in the early 1970s. The Army organizations were staffed by spe-
cialists in key disciplines such as unsteady aerodynamics, aeroelastic-
ity, acoustics, flight mechanics, and advanced design. In addition, Army
civilian and military engineering and support personnel were assigned
to work full time in appropriate NASA research facilities and theoretical
analysis groups. These assignments included placing active duty mili-
tary test pilots in the NASA flight research organizations. Over the long
term, this teaming arrangement facilitated significant research activity.
In addition to Research and Technology Base projects, it made it possi-
ble to perform major jointly funded and managed rotary wing Systems
Technology and Experimental Aircraft programs. The United States Army
partnership was augmented by other research teaming agreements with
the United States Navy, FAA, the Defense Advanced Research Projects
Agency (DARPA), academia, and industry.

NACA 1930-1958: Establishing Fundamentals

While the helicopter industry did not emerge until the 1950s, the NACA
was engaged in significant rotary wing research starting in the 1930s at
the Langley Memorial Aeronautical Laboratory (LMAL), now the NASA

3. Edgar C. Wood, “The Army Helicopter, Past, Present and Future,” Journal of the American
Helicopter Society, vol. 1, no. 1 (Jan. 1956), pp 87-92; Lt. Gen. John J. Tolson, Airmobility,
1961-1971, a volume in the U.S. Army Vieinam Studlies series (Washington, DC: Army, 1973), pp.
16-24; and . A. Stockfisch, The 1962 Howze Board and Army Combat Developments, Mono-
graph Report MR-435-A (Santa Monica: The RAND Corporation, 1994).
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Pitcairn PCA-2 Autogiro. NASA.

Langley Research Center.* The early contributions were the result of
studies of the autogiro. The focus was on documenting flight character-
istics, performance prediction methods, comparison of flight-test and
wind tunnel test results, and theoretical predictions. In addition, fun-
damental operating problems definition and potential solutions were
addressed. In 1931, the NACA made its first direct purchase of a rotary
wing aircraft for flight test investigations, a Pitcairn PCA-2 autogiro.
(With few exceptions, future test aircraft were acquired as short-term
loan or long-term bailment from the military aviation departments.)
The Pitcairn was used over the next 5 years in flight-testing and tests of
the rotor in the Langley 30- by 60-foot Full-Scale Tunnel. Formal pub-
lications of greatest permanent value received “report” status, and the
Pitcairn’s first study, NACA Technical Report 434, was the first authori-
tative information on autogiro performance and rotor behavior.’

4. This case study has drawn upon two major sources covering the period 1930 through 1984 pub-
lished in Vertiflite, the quarterly magazine of the American Helicopter Society: Frederic B. Gustafson,

"History of NACA/NASA RotatingWing Aircraft Research, 1915-1970," Vertiflite, Reprint VF-70,

[Apr. 1971), pp. 1-27; and John Ward, “An Updated History of NACA/NASA RotaryWing Air-
craft Research 1915-1984," Veriiflite, vol. 30, No. 4 (May/June 1984), pp. 108-117. The author
[who wrote the second of those two) has extended the coverage beyond the original 1984 end date.
5. J.B. Wheatley, “Lift and Drag Characteristics and Gliding Performance of an Autogiro as Deter-
mined In Flight,” NACA Report No. 434 [1932).
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The mid-1930s brought visiting autogiros and manufacturing per-
sonnel to Langley Research Center. In addition, analytical and wind
tunnel work was carried out on the “Gyroplane,” which incorporated
a rotor without the usual flapping or lead-lag hinges at the blade root.
This was the first systematic research documented and published for
what is now called the “rigid” or “hingeless” rotor. This work was the
forerunner of the hingeless rotor’s reappearance in the 1950s and 1960s
with extensive R&D effort by industry and Government. The NACA's
early experience with the Gyroplane rotor suggested that “designing
toward flexibility rather than toward rigidity would lead to success.” In
the 1950s, the NACA began to encourage this design approach to those
expressing interest in hingeless rotors.

While the NACA worked to provide the fundamentals of rotary
wing aerodynamics, the autogiro industry experienced major changes.
Approximately 100 autogiros were built in the United States and hundreds
more worldwide. Problems in smaller autogiros were readily addressed,
but those in larger sizes persisted. They included stick vibration, heavy con-
trol forces, vertical bouncing, and destructive out-of-pattern blade behav-
ior known as ground resonance. Private and commercial use underwent
a discouraging stage. However, military interest grew in autogiro utility
capabilities for safe flight at low airspeed. In an early example of cooper-
ation with the military, the NACA’ research effort was linked to the needs
of the Army Air Corps (AAC), predecessor of the Army Air Forces (AAF).
In quick succession, Langley Laboratory conducted flight and/or wind tun-
nel tests on a series of Kellett Autogiros, including the KD-1, YG-1, YG-1A,
YG-1B, and the Pitcairn YG-2. The NACA provided control force and per-
formance measurements, and pilot assessments of the YG-1. In addition,
recommendations were provided on maneuver limitations and redesign
for better military serviceability. This led to the NACA providing recom-
mendations and pilot training to enable the Army Air Corps to begin con-
ducting its own rotary wing aircraft experimental and acceptance testing.

In the fall of 1938, international events required that the NACAs empha-
sis turn to preparedness. The United States required fighters and bomb-
ers with superior performance. In the next few years, experimental rotary
wing research declined, but important basic groundwork was conducted.
Limited effort began on the potentially catastrophic phenomena of ground
resonance or coupled rotor-fuselage mechanical instability. Photographs
were taken of the rotor-blade out-of-pattern behavior by mounting a cam-
era high on the Langley Field balloon (airship) hangar while an autogiro
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was operated on the ground. Exploratory flight tests were done using a hub-
mounted camera. In these tests blade motion studies were conducted to

document the pattern of rotor-blade stalling behavior. In the closing years

of the 1930s, analytical progress was also made in the creation of a new

theory of rotor aerodynamics that became a classic reference and formed

the basis for NACA helicopter experimentation in the 1940s.° In these years,
the top leadership of the NACA engaged in visible participation in the for-
mal dialogue with the rotating wing community. In 1938, Dr. George W.
Lewis, the NACA Headquarters Director of Aeronautical Research, served

as Chairman of the Research Programs session of the pioneering Rotating-
Wing Aircraft Meeting at the Franklin Institute in Philadelphia. In 1939,
Dr. H.J.E. Reid, Director of Langley Laboratory, the NACA’ only labora-
tory, served as Chairman of the session in Dr. Lewis’s absence.”

The early 1940s continued a period of only modest NACA effort on
rotary wing research. However, military interest in the helicopter as a
new operational asset started to grow with attention to the need for spe-
cial missions such as submarine warfare and the rescue of downed pilots.
As noted in the introduction to this chapter, the need was met by the
Sikorsky R-4 (YR-4B), which was the only production helicopter used in
United States military operations during the Second World War. The R-4
production started in 1943 as a direct outgrowth of the Sikorsky VS-300.
As the helicopter industry emerged, the NACA rotary wing community
enjoyed a productive contact through the interface provided by the NACA
Rotating Wing (later renamed Helicopter) Subcommittee. It was in these
technical subcommittees that experts from Government, industry, and
academia spelled out the research needs and set priorities to be addressed
by the NACA rotary wing research specialists. The NACA committee and
subcommittee roles were marked by a strong supervisory tone, as called
for in the NACA charter. The members lent a definite direction to NACA
research based on their technical needs. They also attended annual inspec-
tion tours of the three NACA Centers to review the progress on the assigned

6. ).B. Wheatley, “A Aerodynamic Analysis of the Autogiro Rotor With Comparison Between Calcu-
lated and Experimental Results,” NACA Report No. 487 (1934).

7. Anon., "Proceedings of Rotating-Wing Aircraft Meeting of the Franklin Institute, Philadelphia,
Pennsylvania, Oct. 20-29, 1938,” Philadelphia Section, Insfitute of the Aeronautical Sciences
[IAS); Anon., “Proceedings of the Second Annual RotatingWing Aircraft Meeting of the Franklin
Institute, Philadelphia, Pennsylvania, Nov. 30-Dec. 1, 1939,” Philadelphia Section, Institute of the
Aeronautical Sciences (IAS).
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Sikorsky YR-4B tested in the Langley 30 x 60 ft. wind tunnel. NASA.

research efforts. In the NASA era, the committees and subcommittees
evolved into a more advisory function: commenting upon and ranking
the merits of projects proposed by the research teams.

NACA Report 716, published in 1941, constituted a particularly sig-
nificant contribution to helicopter theory, for it provided simplified meth-
ods and charts for determining rotor power required and blade motion.?
For the first time, design studies could be performed to begin to assess
the impacts of blade-section stalling and tip-region compressibility effects.
Theoretical work continued throughout the 1940s to extend the simple
theory into the region of more extreme operating conditions. Progress
began to be made in unraveling the influence of airfoil selection, high blade-
section angles of attack, and high tip Mach numbers. The maximum
Mach number excursion occurred as the tip passed through the region
where the rotor rotational velocity and the forward airspeed combined.

Flight research was begun with the first production helicopter, the
Sikorsky YR-4B. This work produced a series of comparisons of flight-
test results with theoretical predictions utilizing the new methodology

8. FJ. Bailey, Jr., "A Simplified Theorefical Method of Determining the Characterisfics of a Liffing
Rotor in Forward Flight,” NACA Report No. 716 (1941).
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for rotor performance and blade motion. The results of the compari-
sons validated the basic theoretical methods for hover and forward flight
in the range of practical steady-state operating conditions. The YR-4B
helicopter was also tested in the Langley 30 by 60 tunnel.

This facilitated rotor-off testing to provide fuselage-only lift and
drag measurements. This in turn enabled the flight measurements to
be adjusted for direct comparison with rotor theory.

With research progressing in flight test, wind tunnel test and theory
development, a growing, well-documented open rotary wing database
was swiftly established. At the request of industry, Langley airfoil special-
ists designed and tested airfoils specifically tailored to operating in the
challenging unsteady aerodynamic environment of the helicopter rotor.
However, the state-of-the-art of airfoil development required that the air-
foil be designed on the basis of a single, steady airflow condition. Selecting
this artful compromise between rapid excursions into the high angle of
attack stall regions and the zero-lift conditions was daunting.’ Database
buildup also included the opportunity offered by the YR-4B 30x60 wind
tunnel test setup. This provided the opportunity to document a database
from hovering tests on six sets of rotor blades of varying construction and
geometry. The testing included single, coaxial, and tandem rotor configura-
tions. Basic single rotor investigations were conducted of rotor-blade pres-
sure distribution, Mach number effects, and extreme operation conditions.

In 1952, Alfred Gessow and Garry Myers published a comprehen-
sive textbook for use by the growing helicopter industry.!° The authors’
training and experience had been gained at Langley Laboratory, and
the experimental and theoretical work done by laboratory personnel
over the previous 15 years (constituting over 70 published documents)
served as the basis of the aerodynamic material developed in the book.
The Gessow-Myers textbook remains to this day a classic introduction
to helicopter design.

Significant contributions were made in rotor dynamics. The princi-
pal contributions addressed the lurking problem of ground resonance, or
self-excited mechanical instability—the coupling of in-plane rotor-blade

Q. FB. Gustafson, “Effects on Helicopter Performance of Modifications in Profile-Drag Characterisfics
of Rotor-Blade Airfoil Sections,” NACA WR-26 [formerly NACA Advanced Confidential Report
ACR L4HO5] (1944).

10. Alfred Gessow and Garry C. Myers, Jr., Aerodynamics of the Helicopter ([New York: The Mac-
millan Company, 1952; reissued by Frederick Ungar Publishing Co., 1967).
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oscillations with the rocking motion of the fuselage on its landing gear.
First encountered in some autogiro designs, the potential for a cata-
strophic outcome also existed for the helicopter.!' Theory developed
and disseminated by the NACA enabled the understanding and analy-
sis of ground resonance. This capability was considered essential to the
successful design, production, and general use of rotary wing aircraft.
Langley pioneered the use of scaled models for the study of dynamic
problems such as ground resonance, blade flutter, and control coupling.'?
This contribution to the contemporary state-of-the-art was a forerunner
of the all-encompassing development and use of mathematical model-
ing throughout the modern rotary wing technical community.

As the helicopter flight-testing experience evolved, the research pilots
observed problems in holding to steady, precision flight to enable data
recording. Frequent control input adjustments were required to prevent
diverging into attitudes that were difficult to recover from. Investigation
of these flying quality characteristics led to devising standard piloting
techniques to produce research-quality data. Deliberate, sharp-step
and pulse-control inputs were made, and the resulting aircraft pitch,
roll, and yaw responses were recorded for a few seconds. Out of this
work came the research specialties of rotary wing flying qualities, sta-
bility and control, and handling qualities. Standard criteria for defin-
ing required flying qualities specifications gradually emerged from the
NACA flight research. The results of this work supported the develop-
ment of Navy helicopter specifications in the early 1950s and eventually
for all military helicopters in 1956. In 1957, research at the NACA Ames
Research Center produced a systematic protocol for pilots to assess air-
craft handling qualities.'* The importance of damping of angular velocity
and control power, and their interrelation, was investigated in Langley
flight-testing. The results provided the basis for a major portion of for-
mal flying-qualities criteria.'* After modification in 1969 based on exten-

11. R.P. Coleman, “Theory of SelfExcited Mechanical Oscillations of Hinged Rotor Blades,” NACA
WR-:308 [formerly NACA Advanced Restricted Report 3G29] (1943).

12. G.W. Brooks, “The Application of Models to Helicopter Vibration and Flutter Research,” Pro-
ceedings of the ninth annual forum of the American Helicopter Society (May 1953).

13. George E. Cooper, "Undersianding and Interpreting Pilot Opinion,” Aeronautical Engineering
Review, vol. 16, no. 3, [Mar. 1957), p. 47-51.

14. S. Salmirs and R J. Tapscott, “The Effects of Various Combinations of Damping and Control
Power on Helicopter Handling Qualities During Both Instrument and Visual Flight,” NASA TN-D-
58 (1959).
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sive study of in-flight and simulation tasks at Ames, the Cooper-Harper
Handling Qualities Rating Scale was published. It remains the standard
for evaluating aircraft flying qualities, including rotary wing vehicles.!
In the late 1950s, the Army expanded the use of helicopters. The
rotary wing industry grew to the point that manufacturers’ engineer-
ing departments included research and development staff. In addition,
the Army established an aviation laboratory (AVLABS), now known
as the Aviation Applied Technology Directorate (AATD), at the Army
Transportation School, Fort Eustis, VA. This organization was able to
sponsor and publish research conducted by the manufacturers. Fort
Eustis was situated within 25 miles of the NACAs Langley Research
Center in Hampton on the Virginia peninsula. A majority of the key
AVLABS personnel were experienced NACA rotary wing researchers.
As it turned out, this personnel relocation, amounting to an unplanned
“contribution” of expertise to the Army, was the forerunner of signifi-
cant, long-term, co-located laboratory teaming agreements between the
Army and NASA.

NASA 1958-1970: A Time of Transition

The transformation of the NACA into NASA in 1958 was marked by
an inevitable subordination of the NACA's aeronautical research char-
ter to NASA's mandated space mission work. The assigned aeronau-
tics staff dropped over 80 percent, from 7,100 to 1,400, as the space
program gained momentum in the early 1960s. In the new space-
focused environment, aeronautics needed to be product-oriented to
attract budget allocation support. In these circumstances, helicop-
ter research lost ground as the focus shifted to new nonrotor Vertical
Take-Off and Landing (VTOL) and Short Take-Off and Landing air-
craft. In many cases, the rotary wing work formed the base for VTOL
investigations. In the case of NACA-NASA rotor-flow studies, exper-
imental and theoretical studies on rotor-time-averaged inflow led to
extensive work on establishing wind tunnel jet-boundary layer (wall
interference) correction methodology for other VTOL, as well as rotor-
borne, lifting systems.!®

15. G.E. Cooper and R.P. Harper, Jr., “The Use of Pilot Rating in the Evaluation of Aircraft Handling
Qudlities,” NASA TN-D-5153 (1969).

16. Harry H. Heyson and S. Katzoff, “Induced Velocities Near a Liffing Rotor with Nonuniform Disk
Loading,” NACA Report 1319 (1957).
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In a sense, it became the U.S. Army’s turn to bolster NASA rotary
wing endeavors in support of the Army’s need for continued helicop-
ter development. In 1965, the Army was granted permission to reacti-
vate, staff, and utilize the Ames 7- by 10-foot Tunnel No. 2. In addition,
the Army provided personnel to assist Ames in carrying out projects of
interest to the Army. A group of about 45 people was established by the
Army and identified as the Army Aeronautical Activity at Ames (AAA-
A).'7In 1970, the working relationship between NASA and the Army was
significantly enhanced. Co-located Army research organizations were
established at Ames, Langley, and Lewis (now Glenn) Research Centers.
They focused on the respective Center’s specialty of aeroflight dynamics,
structures, and propulsion. This teaming laid the solid groundwork for
major rotary wing programs that NASA and the Army jointly planned,
executed, and funded in the 1970s and 1980s that influenced both mil-
itary and civilian rotary wing aircraft development.

One of the unique research facilities authorized in 1939 and oper-
ated by the NACA, and then NASA, was the 40- by 80-foot Full-Scale
Tunnel at Ames. This research facility also provided the opportunity to
work directly with industry on vehicle development programs. In the
case of rotary wing aircraft, the tunnel was utilized for investigating new
vehicle and rotor system concepts and for thoroughly documenting the
basic aerodynamic behavior of prototype and production articles. By the
1960s, numerous in-house and industry full-scale rotary wing hardware
were tested. Examples include the Bell XV-1 “convertiplane” in 1953—
1954, followed by many other projects, including a modified production
rotor incorporating leading edge camber and boundary-layer control;
the Bell UH-1 “Huey” helicopter (tested to assist in the development of
a high-performance flight-test helicopter); a folded rotor with test data
obtained in start-stop and folding conditions at forward speeds; and a
four-bladed rotor investigation with extensive rotor-blade pressure mea-
surements taken as a followup to prior flight test measurements made
at Langley Research Center.'®

17. Edwin P. Hartman, Adventures in Research, A History of Ames Research Center, 1940-1965,
NASA SP-4302 (Washington, DC: NASA, 1970), p. 411.

18. William Warmbrodt, Charles Smith, and VWayne Johnson, “Rotorcraft Research Testing in the
National Full-Scale Aerodynamics Complex ot NASA Ames Research Center,” NASA TM-86687
[May 1985); J. Sheiman and L.H. Ludi, “Qualitative Evaluation of Effect of Helicopter Rotor Blade
Tip Vortex on Blode Airloads,” NASA TN-D-1637 {1963).
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The pressure-instrumented blade used in the latter tests had an
extremely limited operating life of only 10 hours. This was because of
the installation of nearly 50 miniature differential pressure transduc-
ers inside the rotor blade. This required that a total of almost 100 small
holes be drilled in the upper and lower surface of the primary struc-
ture D-spar—normally an absolute “safety of flight” violation. The con-
servative 10-hour limit was based upon conservative crack-growth-rate
limits determined from blade specimen cyclic load tests. The earlier flight
test investigation of blade pressure distributions produced a very signif-
icant contribution as a primary database for the understanding of basic
rotor unsteady aerodynamics. The tabulated pressure data provided time
histories of individual differential pressures and simultaneous blade
bending moments around the rotor azimuth in a wide assortment of
steady and maneuvering flight conditions.!” This database became the
standard experimental data reference source for advancing theoretical
comparison work for many years. As an aside, in working with the original
flight data to hand-digitize the detailed recordings of differential pressure
time-history traces, it became possible, in time, to visually recognize the
specific flight-test condition by the periodic pressure trace signature.? It was
possible to identify the rotor’s actual flight condition relative to the sur-
rounding airmass. This still raises the question of the possibility of applying
modern signal recognition technology to provide on-board safety-of-flight
and noise abatement operating boundary displays for the pilot.

Flying qualities flight investigations emphasized the importance
of ample damping of angular velocity and of control power (rotor-
generated aircraft pitch and roll control moments) and their interaction.
This work at Langley and similar work at Ames provided a significant por-
tion of the helicopter flying qualities criteria. This early work was extended
to the use of in-flight simulation using Langley’s YHC-1A tandem rotor
helicopter with special onboard computing and recording equipment.?!

19. James Sheiman, “A Tobulation of Helicopter Rotor-Blade Differential Pressures, Stresses, and
Motions As Measured In Flight,” NASA TMX-952 (1964).

20. John F. Ward, “Helicopter Rotor Periodic Differential Pressures and Structural Response Mea-
sured in Transient and Steady-State Maneuvers,” Journal of the American Helicopter Society, vol. 16,
no. 1 (Jan. 1971).

21.F. Garren, J.R. Kelly, and R-W. Summer, "VTOL Flight Investigation to Develop a Decelerating
Instrument Approach Capability,” Society of Automotive Engineers Paper No. 690693 (1969),
presented af the Aeronautics and Space Engineering and Manufacturing Meeting, Los Angeles, CA,
Oct. 6-10, 1969.
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Tilt rotor semi-span dynamic model in the Langley Transonic Dynamics Tunnel. NASA.

The flight operations of most interest were terminal area instrument
flight on steep approaches to vertical touchdown landings. The results
of this work were initially oriented to nonrotor VTOL operations, but
the results were found to be equally applicable to helicopters.

In the area of structural dynamics, investigations addressing the
problems of aeroelastic stability of rotor-powered aircraft were con-
ducted utilizing new analytical methods and experimental studies by
Langley and Ames researchers. Emphasis was placed on tilt rotor and
tilt propeller (i.e., tilt wing) aircraft concepts. Two-degree-of-freedom

“air resonance” (akin to rotor-fuselage “ground resonance”) and prop-
rotor/propeller whirl instability were among the problems investigated.?
Rotor-pylon-wing aeroelastic instability problems for tilt rotor designs
were explored in the Ames 40 by 80 Full-Scale Tunnel in this period.
The aeroelastic stability problems of the tilt rotor and tilt-stopped rotor
designs were also investigated at model scale in the unique Freon atmo-
sphere of the Langley Transonic Dynamics Tunnel, which provided full-
scale Mach number and Reynolds number scaling.?* These research

22. Wilmer H. Reed, Ill, "Review of Propeller-Rotor Whirl Flutter,” NASA TR-R-264 (1967).
23. William T. Yeager, Jr., and Raymond G. Kvaternik, “A Hisforical Overview of Aeroelasticity
Branch and Transonic Dynamics Tunnel Confributions 1o Roforcraft Technology and Development,”

NASA TM2001-211054 / ARLTR-2564, (Aug. 2001).
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investigations resulted in significant contributions to the development
of the validated design tools for advanced rotorcraft.

With the increased interest in hingeless rotor concepts, NASA
obtained and quickly accomplished flight research with a copy of an
experimental Bell Helicopter three-bladed hingeless rotor installed on
an H-13 helicopter.?* Early experience with “rigid” rotors had led the
NACA to encourage interest in exploring the possibilities of removing
conventional blade-root hinges and substituting instead blade struc-
tural flexibility. Another manufacturer, Lockheed Aircraft, made a major
commitment to the hingeless rotor concept coupled to a mast-mounted
mechanical gyro introduced into the pitch control linkage.?* The root
regions of the blades in this innovative design were “matched stiffness”
or “soft in-plane,” which meant that the blade chord-wise, or horizon-
tal, structural bending stiffness was matched to the flap-wise, or vertical,
bending stiffness. Dynamic model tests of this concept were conducted in
the Langley 30 by 60 Full-Scale Tunnel and in the Freon atmosphere of
the Langley Transonic Dynamics Tunnel. The use of Freon gas facilitated
the testing of the 10-foot-diameter rotor model at full-scale Reynolds
number and Mach numbers. This work began the establishment of a
documented database for hingeless rotor design. These dynamic model
tests were part of a cooperative NASA-Army AVLABS program.

To further explore the problems and practical means for realizing
the potential of the hingeless rotor concept, Langley Research Center
purchased the Lockheed XH-51N, a high-speed research helicopter.
The flight investigation focused on the tendency for hingeless rotors to
encounter high in-plane blade loads in roll maneuvers, coupling between
the response to longitudinal and lateral control input, ride quality, and
pilot handling qualities. In general, it was demonstrated with the flight
tests and model tests that the hingeless rotor system was different from
the conventional hinged systems. Inherently, the hingeless designs pro-
duced increased control moments, quicker response to pilot input and
superior handling qualities. It turned out that later rotor designs incor-
porating elastomeric bearings to replace conventional hinges could pro-
vide a practical option to some of the fully hingeless designs.

24.RJ. Huston, "An Exploratory Invesfigation of Factors Affecting the Handling Qualities of a
Rudimentary Hingeless Rotor Helicopter,” NASA TN-D-3418 [May 1966).

25. 1.H. Culver and J.E. Rhodes, “Structural Coupling in the Blades of a Rotating Wing Aircraft,”
IAS Paper No. 62-33 (1962).
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NASA 1970-1990: Joint Program Momentum Peaks

During the early 1970s, the Ames Flight Simulator for Advanced Aircraft
(FSAA) became operational and the first tilt rotor simulations were suc-
cessfully accomplished. By 1975, the Army decided to augment the rotary
wing flight dynamics research at Ames as NASA initiated the fabrica-
tion of the Vertical Motion Simulator (VMS). This simulator, with very
large vertical and horizontal motion capability, was a national asset well
suited for rotary wing research.

At Langley, a major instrument flight rules (IFR) investigation was
conducted under the VTOL Approach and Landing Technology (VALT)
program. The VALT Boeing-Vertol CH-47 Chinook helicopter was the pri-
mary research vehicle for exploring the control/display/task relationships.
In addition, the Sikorsky SH-3 Sea King helicopter was used as a testbed
for exploring the merits and defining the electro-optical parameter require-
ments associated with advanced “real-world” display concepts. The objec-
tive was to identify systems that might be capable of providing a pilot an

“out-the-window display” during IFR flight conditions through the use of
fog-cutting sensors or advanced computer-generated visual situation dis-
plays. The VALT CH-47 flights were conducted at the Wallops Flight Center,
where the NASA Aeronautical Research Radar Complex provided omni-
directional tracking coverage. This facility permitted the investigation of
a wide variety of approach trajectories and selection of any desired wind
direction relative to the final approach heading. Computer-graphic dis-
plays were generated on the ground and transmitted via video link to the
aircraft for presentation in the pilots’ instrument panel. The integrated
flight-test system permitted manual, augmented, or completely automatic
control for executing flight trajectories that could be optimized from the
standpoints of fuel, time, airspace utilization, ride qualities, noise abate-
ment, or air traffic control considerations. Many concepts were explored
in the IFR program, including flight director control/display concepts and
signal smoothing techniques, which proved valuable in achieving fully
automatic approach and landing capability.?® Extensive flight demon-
strations were conducted at Wallops Flight Center with the VALT CH-47
aircraft for Government and industry groups to demonstrate the new
progress achieved in IFR approach and landing technology.

26. )R Kelly, FR. Niessen, JJ. Thibodeaux, K-R. Yenni, and J.F. Garren, Jr., “Flight Invesfigation of
Manual and Automatic VTOL Decelerating Instrument Approaches and Landings,” NASA TN-D-7524
(uly 1974).
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In structures technology, one of the important outcomes of the space
program was the development and implementation of comprehensive
computational finite element analyses. State-of-the-art finite element
methodology was collected from among the large aerospace compa-
nies and unified into the NASA Structural Analysis (NASTRAN) com-
puter program. The basic development contract was managed by NASAs
Goddard Space Flight Center and then by Langley for improvements
and distribution to approximately 260 installations. During the early
1980s, Langley played a key role in bringing advanced structural design
capability into the helicopter industry. The contribution here was the
onsite assignment of an experienced structural dynamics specialist at
a prime manufacturer’s facility to guide the integration of the prelimi-
nary static structural design methodology with rotor dynamic analysis
methodology.?” This avoided the tedious process of repeatedly freez-
ing an airframe structural design effort and each time doing a separate
dynamic analysis to determine if an acceptable dynamic response cri-
terion was achieved.

During this period, the Army added to its already extensive helicop-
ter crash-test activities by joining with NASA to crash-test the Boeing
Vertol CH-47C helicopter in the Impact Dynamics Research Facility at
Langley, which accommodated aircraft up to 30,000 pounds.?® The facil-
ity had been converted from a Lunar Landing Research Facility to a
center for the study of crash effects on aircraft. A unique feature of this
massive gantry structure was the capability to impact full-scale aircraft
under free-flight conditions with precise control of attitude and velocity.

The ongoing rotary wing research began to expand in scope with
the establishment of the Army co-located research groups at the three
NASA Centers. At Ames, full-scale rotor wind tunnel testing continued
at an increased pace in the 40- by 80-foot tunnel. In the 1970s, the wind
tunnel tests included the Sikorsky Advancing Blade Concept (ABC) rotor.
This rotor concept incorporated two counter-rotating coaxial rotors. The
hingeless blades were very stiff to allow the advancing blades on both
sides of the rotor disk to balance the opposing rolling moments thereby

27.R.G. Kvaternik and W.G. Walion, Jr., “A Formulation of Rofor-Airframe Coupling for the Design
Analysis of Vibrations of Helicopter Airframes,” NASA RP-1089 (June 1982).

28. Karen Jackson, Richard L. Boitnott, Edwin L. Fasanella, Lisa E. Jones, and Karen H. Lyle, “A
Summary of DOD-Sponsored Research Performed at NASA Langley's Impact Dynamics Research
Facility,” Journal of the American Helicopter Society, vol. 51, no. 1 {June 2004).
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The Sikorsky XH-59A Advancing Blade Concept helicopter was a joint fest program between
the Army, Navy, NASA, and Air Force. NASA

maintaining aircraft trim as airspeed is increased. Forward thrust is
supplied by auxiliary propulsion rather than by forward tilt of the main
rotor as in conventional helicopter designs.

NASA also tested a full-scale semispan wing-pylon-rotor of the Bell
Helicopter tilt rotor design.?® This test was followed by a similar entry
of a semispan setup of a Boeing Vertol tilt rotor concept. During this
period, improvements were made in the 40- by 80-foot Full-Scale Tunnel
to upgrade the research capability. Its online data capability was aug-
mented by introducing a new Dynamic Analysis System for real-time
analysis of critical test parameters. A new Rotor Test Apparatus (RTA)
was added to facilitate full-scale rotor testing. With this new equip-
ment in place, a Kaman Controllable Twist Rotor (CTR) was first inves-
tigated in 1975.

In the early 1970s, the modest in-house research funding level for
rotary wing projects led to seeking other sources within the new, more
elaborate financial system of NASA. It turned out that contracting out-
of-house research had become a staple of the rapidly growing procure-

29. H.K. Edenborough, TM. Gaffey, and J.A. Weiberg, “Analysis and Tests Confirm Design of
Proprofor Aircraft,” AIAA Paper No. 72-803 (1972).
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ment system.>° This offered the opportunity to begin to solicit, select,
and fund small supporting research contracts to augment the in-house

rotary wing work categorized as Research and Technology Base. In the

Flight Research Branch at Langley between 1969 and 1974, over 77 con-
tractor reports (CR) and related technical papers were published. The

performing organizations included industry and university research

departments. The research topics included analytical and experimental

investigations of rotor-blade aeroelastic stability, blade-tip vortex aero-
dynamics, rotor-blade structural loads prediction, free-wake geometry
prediction, nonuniform swash-plate dynamic analysis program, rotor-
blade dynamic stall, composite blade structures, and variable geome-
try rotor concepts, In the mid 1970s, this entry into contracted research

to augment in-house work was further augmented by teaming of NASA
and Army rotary wing research at the three NASA Centers. Finally, proj-
ects between NASA, the Army, and contractors evolved into major joint
efforts in Systems Technology and Experimental Aircraft during the

following decade.

The mid-1970s brought two major rotary wing experimental aircraft
programs, both jointly funded and managed by NASA and the Army.
At Langley, the Rotor Systems Research Aircraft (RSRA) program was
launched. This was a new approach to conducting flight research on
helicopter rotor systems.3! Two vehicles were designed and fabricated by
Sikorsky Aircraft. The basic airframe, propulsion, and control systems
of the two RSRA vehicles were those of the Sikorsky S-61 Sea King heli-
copter. In addition, the RSRA incorporated a unique rotor force balance
system and isolation system, a programmable electronic control system,
a variable incidence wing with a force balance system, drag brakes, and
two TF34 auxiliary thrust turbofan engines. As a unique safety feature,
the three-member-crew ejection system incorporated automatic bal-
anced sequencing of explosive separation of the test rotor-blades as the
first step in permitting the rapid ejection of the pilot, copilot, and test
engineer. After design and fabrication at Sikorsky, the first of two RSRA
vehicles made its first flight in 1976. After initial tests of the helicopter
configuration, flight-testing was continued at the NASA Wallops Flight

30. James R. Hansen, Spaceflight Revolution, Langley Research Center From Sputnik o Apollo,
NASA SP-4308 (Washington, DC: NASA 1995), pp. 81-111.

31. AW. linden and M.W. Hellyer, “The Rotor Sysfems Research Aircraft,” AIAA Paper No. 74-
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Center with the Langley—Army project team and contractor onsite sup-
port. Acceptance testing was completed by the Langley team, which was
then joined by Ames flight-test representatives in anticipation of pend-
ing transfer of the RSRA program to Ames.

At Ames, a NASA-Army program of equal magnitude was launched
to design and fabricate two XV-15 Tilt Rotor Research Aircraft (TRRA).
In this case, the program focused on a proof-of-concept flight investiga-
tion. This concept, pursued by rotary wing designers since the early 20th
century, employs a low-disk-loading rotor at each wingtip that can tilt
its axis from vertical, providing lift, to horizontal, providing propulsive
thrust in wing-borne forward flight. The TRRA contract was awarded
to Bell Helicopter Textron. Late in the program, as the XV-15 reached
flight status, the United States Navy added funding for special mission-
suitability testing. Eventually, XV-15 testing gave confidence to tilt rotor
advocates who successfully pushed for development of an operational
system, which emerged as the V-22 Osprey.

The RSRA and TRRA experimental aircraft programs together rep-
resented a total initial investment of approximately $90 million, ($337
million in 2009 dollars), shared equally by NASA and the Army. The size
and scope of these programs were orders of magnitude beyond previ-
ous NACA-NASA rotary wing projects. This represented a new level of

The NASA-Army Sikorsky S-72 Rotor Systems Research Aircraft in flight at NASA’s Ames
Research Center. NASA.
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resources in rotary wing research for NASA and with it came consider-
ably more day-to-day visibility within the NASA aeronautics program.
The bicentennial year of 1976 also marked a year of major orga-
nizational change in NASA rotary wing research. As part of an over-
all Agency reassessment of the roles and missions of each Center, the
Ames Research Center was assigned the lead Center responsibility for
helicopter research. An objective of the lead Center concept was to con-
solidate program lead in one Center and, wherever possible, combine
research efforts of similar nature. As a result, all rotary wing flight test,
guidance, navigation, and terminal area research were consolidated at
Ames, which brought these research activities together with the exten-
sive simulation and related flight research facilities. Langley retained
supporting research roles in structures, noise, dynamics, and aero-
elasticity. The realignment of responsibilities and transfer of flight
research aircraft caused unavoidable turbulence in the day-to-day
conduct of the rotary wing program from 1976 to 1978. However, the
momentum of the program gradually returned, and the program grew
to new levels with NASA and Army research teams at Ames, Langley, and
Glenn working to carry out their responsibilities in rotary wing research.
At Ames, the testing of full-scale rotor systems continued at
an increasing pace in the 40 by 80 Full-Scale Tunnel. In 1976, the
Controllable Twist Rotor concept was tested again, this time with mul-
ticyclic control. “Two-per-rev” (two control cycles per one rotor revolu-
tion), “three-per-rev,” and “four-per-rev” cyclic control was added to the
CTR’s servo flap system to evaluate the effectiveness in reducing blade
stresses and vibration of the fuselage module. Both favorable effects
were achieved with only minor effect on the rotor power requirements.
The Sikorsky S-76 rotor system was tested in 1977 in a joint NASA-
Sikorsky investigation of tip shapes. This was followed by a joint NASA-
Bell investigation of the Bell Model 222 fuselage drag characteristics. In
1978, the NASA-Army XV-15 Tilt Rotor Research Aircraft arrived from
Bell Helicopter for full-scale wind tunnel tests prior to initiation of its
own flight tests. The wind tunnel tests revealed a potential tail struc-
tural vibration problem that would be further explored in flight follow-
ing the strengthening of the empennage attachment structure. The next
rotor test was the Kaman Circulation Control Rotor (CCR) in 1978.3

32. Jack N. Nielsen and James C. Biggers, “Recent Progress in Circulation Control Aerodynamics,”
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A new concept was introduced based on technology developed at the
David Taylor Ship Research and Development Center (since 1992 the
Carderock Division of the Naval Surface Weapons Center). The Kaman
rotor utilized elliptical-shaped airfoils with trailing edge slots. Lift was
augmented by blowing compressed air from these slots. The need for
mechanical cyclic blade feathering to provide rotor control was elimi-
nated replaced by cyclic blowing. The wind tunnel testing investigated
the amount of blowing control necessary to maintain forward flight.
In 1979, the Lockheed X-Wing Stoppable Rotor was tested in the 40 by
80 Full-Scale Tunnel. This concept, funded by the Defense Advanced
Research Projects Agency, also incorporated a circulation control con-
cept. The X-Wing rotor was designed to be stoppable (and startable) at
high forward flight speed while still carrying lift. Since two of the four
blade trailing edges become leading edges when stopped, provisions were
made to provide for separate blowing systems for the leading and trail-
ing edges of the blades. When operating as a fixed X-Wing aircraft, air-
craft roll and pitch control were provided by differential blowing from
the aft edges of opposing, nonrotating blades serving as swept forward
and aft wings. The wind tunnel tests of the 25-foot-diameter rotor suc-
cessfully demonstrated the ability to start and stop the rotor at speeds
of approximately 180 knots (maximum tunnel speed).

The Boeing Vertol Bearingless Main Rotor (BMR) was tested in
1980.3* The BMR used elastic materials in the construction of the rotor
hub rather than mechanical bearings for articulation. Such designs have
aeroelastic stability characteristics different from conventional mechan-
ical systems. Therefore, the wind tunnel tests investigated the degree of
stability present and established appropriate boundaries for safe flight.
In addition, in 1980, the Sikorsky Advancing Blade Concept (ABC) coax-
ial rotor was again tested in the 40 by 80 Full-Scale Tunnel.?* In this
entry, the full-scale rotor was tested atop a configuration replica of the
actual XH-59A flight-test aircraft. This testing focused on an investiga-
tion of the drag characteristics of the rotor shaft and hubs of the coaxial
rotors. In an effort to reduce the drag, tests were made with the actual
fuselage modeled and the actual flight demonstrator hardware compo-

33. W. Warmbrodt and J.L. McCloud, I, “A Full-Scale Wind Tunnel Investigation of a Helicopter
Bearingless Main Rotor,” NASA TM-81321 (1981).

34. M. Mosher and R.L. Peferson, “Acoustic Measurements of a Full-Scale Coaxial Helicopter,”
AIAA Paper No. 830722 (1983).
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nents utilized to explore several inter-rotor fairing configurations. (In
2008, Sikorsky Aircraft unveiled a new technology demonstrator aircraft
incorporating the advancing blade concept identified as the X2. In this
design forward thrust is provided by a pusher propeller installation.)

In 1984, Ames shut down the 40- by 80-foot facility for tunnel mod-
ification to upgrade the 40- by 80-foot section to a speed capability of
250 knots and add a new 80 by 120 leg to the tunnel facility capable of
speeds to 80 knots. The upgraded facility, known as the National Full-
Scale Aerodynamics Complex (NFAC), reopened in 1987 and would
have been operated by NASA until 2010. However, budgetary pressures
forced its closure in 2003. Four years later, in 2007, the United States
Air Force’s Arnold Engineering Development Center (AEDC) upgraded
key operating systems and reopened the facility under a 25-year lease
with NASA. The anticipated majority customer for this national asset
was seen to be the United States Army, in collaboration with NASA, in
support of rotary wing research.

A Helicopter Transmission Technology program was initiated at the
Glenn Research Center to foster the application of an extensive tech-
nology base in bearings, seals, gears, and new concepts specifically to
helicopter propulsion systems.** Research continued at a growing pace.
In order to upgrade the analytical methods for large spiral bevel gears,
NASA supported the development and validation testing of finite ele-
ment method computer programs by Boeing Vertol. The opportunity was
taken to utilize the available aft transmission hardware assets, available
from the canceled XCH-62 Heavy Lift Helicopter Program, for analyt-
ical methods validation data. Another program at Glenn was the joint
NASA-DARPA Convertible Engine Systems Technology (CEST) pro-
gram. This program involved the modification of a TF34 turbofan engine
to a fan/shaft engine configuration for use as a research test engine to
investigate the performance, control, noise, and transient characteris-
tics. The potential application of CEST was to the X-Wing vehicle con-
cept by using a single-core engine to provide shaft power to a rotor in
hover and low speed, and conversion capability to provide fan thrust
for high speed, stopped rotor mode, and flight propulsion.

Ongoing research in helicopter handling qualities continued and
expanded at the Ames Research Center. In 1978, one of these programs

35. Robert C. Ball, “Summary Highlights of the Advanced Rotor Transmission [ART) Program,” AIAA
Paper No. 92-3362 (1992).
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provided essential simulation data on the effects of large variations in rotor
design parameters on handling qualities and agility in helicopter nap-of-
the-Earth (NOE) flight. The parameters investigated including flapping
hinge offset, flapping hinge restraint, rotor blade inertia, and blade pitch-
flap coupling. Experiments were carried out on the Ames piloted simula-
tors to systematically study stability and control augmentation systems
designed to improve NOE flying and handling qualities characteristics.

New efforts in computational analysis to increase rotor efficiency
began at Ames. An analytical procedure was developed to predict rotor
performance trends in relation to changes in the shape of the blade tips.
The analytical procedure utilized two full potential flow-field computer
programs developed for computation of the transonic flow field about
fixed wings and airfoils. The analytical procedure rapidly became a use-
ful tool for predicting aerodynamic performance improvements that may
be achieved by modifying blade geometry. The procedure was guided by
design studies and reduced the experimental testing required to select
blade configurations. NASA continued the long-established tradition of fur-
nishing excellent references for technical practice when, in 1980, research
scientist Wayne Johnson, a member of the Army-NASA research team
at Ames, published his book Helicopter Theory, a comprehensive state-of-
the-art coverage of the fundamentals of helicopter theory and engineering
analysis. The extensive bibliography of cited literature included an exten-
sive listing of rotary wing technical publications authored by researchers
from the NACA, NASA, the Army, industry, and academia.?

Research accelerated on advancing the ability of a helicopter to
execute a radar approach. Civil weather/mapping radar could be used
to provide approach guidance under instrument meteorological con-
ditions (IMC) to select safe landing environments. Onboard radar sys-
tems were widely used by helicopter operators to provide approach
guidance to offshore oil rigs without the need for electronic naviga-
tion aids at the landing site. For use over the water, the radar provided
guidance and ensures obstacle awareness and avoidance, but involved
very high pilot workload and limited guidance accuracy. For use over
land, the ground clutter return made these approaches infeasible with-
out more advanced radar systems. Two programs at Ames resulted
from major advances in radar approaches. One program involved the

36. Wayne Johnson, Helicopter Theory (Princeton: Princefon University Press, 1980).
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The NASA/Army/Bell XV-15 Tilt Rotor Research Aircraft in flight. NASA.

use of a video data processor in conjunction with the weather radar
for overwater approaches. This system automatically tracked a des-
ignated radar target and displayed a pilot-selected approach course.
The second radar program involved the development of an innovative
technique to suppress ground clutter radar returns in order to locate
simple, low-cost radar reflectors near the landing site. This program
was extended to provide the pilot with precision localizer and glide-
slope information using airborne weather radar and a ground-based
beacon or reflector array.

The 1980s brought several major accomplishments in the tilt rotor
program.” The second XV-15 aircraft was brought to flight status and
accepted by the Government after check flights and acceptance cere-
monies at NASA's Dryden Flight Research Center on October 28, 1980.
It was then used for flight tests aimed at verifying aeroelastic stabil-
ity, evaluating fatigue load reduction modifications, and expanding the
maneuver envelope. Subsequently, this aircraft was ferried to Ames,
where tests continued in the areas of handling qualities, flight con-
trol, and expansion of the landing approach envelope. The first XV-15
aircraft was brought to flight status in late 1980, and initial work was

37.D.C. Dugan, R.G. Erhart, and L.G. Schroers, "The XV-15 Tilt Rotor Research Aircraft,” NASA
TM-81244 / AVRADCOM Technical Report 80-A-15 (1980).
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done on a ground tiedown rig to measure the downwash field and noise
environment. Meanwhile, the second XV-15 participated in the Paris
Air Show. The aircraft performed daily, on schedule, and received wide
acclaim as a demonstration of new aeronautical technological achieve-
ment. The XV-15 crew concluded each daily performance with a cour-
teous “bow,” the hovering tilt rotor ceremoniously dipping its nose to
the audience. After the flight demonstration in France and subsequent
flights in Farnborough, England, the aircraft was returned to Ames for
continued flight demonstration and proof-of-concept testing. The two
vehicles achieved a high level of operational reliability, not the usual
attribute of highly specialized research aircraft. One of the vehicles
was returned to Bell Helicopter under a cooperative arrangement that
made the aircraft available to the contractor at no cost in exchange for
doing a number of program flight-test tasks, particularly in the mis-
sion suitability category. The overall success of the NASA-Army XV-15
(with a rotor diameter of 25 feet and a gross weight of 13,428 pounds)
proof-of-concept program contribution is reflected in the applica-
tion of the proven technology to the design and production of the new
joint-service V-22 Osprey, (rotor diameter: 38 feet; gross weight: 52,000
pounds). The classic claim of research results having to endure a 20-year
shelf life before actual engineering design application begins did not
apply. It took only 5 years to move from achieving proof-of-concept
with the XV-15 research aircraft to initiation of preliminary design of
the operational V-22 Osprey.

There has been over a half century of an unbroken series of NACA-
NASA research contributions to tilt rotors since early XV-3 flight assess-
ments and wind tunnel testing in the mid-1950s.3® Since that beginning,
NACA-NASA researchers have pursued many subject areas, includ-
ing tilt rotor analytical investigations to solve a rotor/pylon aeroelas-
tic stability problem, dynamic model aeroelastic testing in the Langley
Transonic Dynamics Tunnel, analytical method development and verifi-
cation, wind tunnel tests of full-scale rotor/wing/pylon assembles, XV-15
vehicle wind tunnel tests and flight tests, and detailed investigation of
many other potential problem areas. This sustained effort and the robust
demonstration and advocacy of the technology’s potential resulted in
the XV-15 program being cited in 1993 as “the program that wouldn’t

38. Martin D. Maisel, Demo J. Giulianetti, and Daniel C. Dugan, The History of The XV-15 Tilt Rotor
Research Aircraft From Concept fo Flight, NASA SP-2000-4517 (Washington, DC: NASA, 2000).
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die” in a University of California at Berkeley School of Engineering case
study in a course on “The Political Process in Systems Architecture.”*

During the early 1980s, the rotary wing activity at Glenn Research
Center increased with the addition of new transmission test facilities
rated at 500 and 3,000 horsepower. Research progressed on traction
drive, hybrid drive, and other advanced technology concepts. The prob-
lem of efficient engine operation at partial power settings was addressed
with initial studies indicating turbine bypass engine concepts offered
potential solutions. Similar studies on contingency power for one-
engine-inoperative (OEI) emergency operation focused on water injection
and cooling flow modulation. Renewed efforts in aircraft icing included
rotary wing icing research. A broad scope program was launched to
study the icing environment, develop basic ice accretion prediction
methods, acquiring in-flight icing data for comparison with wind tun-
nel data from airfoil icing tests to verify rotor performance prediction
methods. In addition, flight tests of a pneumatic deicing boot system
were conducted using the Ottawa spray rig and the United States Army
CH-47 in-flight icing spray system. In 1983, research testing began on
the NASA-DARPA Convertible Engine System Technology program.*
TF34 fan/shaft engine hardware with variable fan inlet guide vanes for
thrust modulation was used to evaluate fan hub design and map the
steady-state and transient performance and stability of the concept. New
rotary wing efforts were also started in the areas of transmission noise,
and flight/propulsion control integration technology.

Langley Research Center activity in rotary wing research increased
substantially within the Structures Directorate, with focused programs
in acoustics, dynamics, structural materials, and crashworthiness. This
research was carried out in close association with the Army Structures
Laboratory, now known as the Vehicle Technology Directorate (VTD).
NASA and Army joint use of the Langley 4- by 7-meter tunnel for aero-
dynamic and acoustic model testing became an important feature of
the rotary wing program. Confirmed progress was achieved in airframe
dynamic analysis methodology addressing the engineering manage-
ment and execution of the efficient use of finite element methods for

39. Brenda Forman, “The V-22 Tilirotor ‘Osprey:" The Program That Wouldn't Die,” Veriiflite, vol.
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simultaneous tasks of static and dynamic airframe preliminary design.*!
These techniques were demonstrated, publicly documented, and verified
by comparison with shake test data for the CH-47 helicopter airframe.
Other research related to helicopter dynamics included participation with
the Army in a program to demonstrate the use of closed-loop multicyclic
control of rotor-blade pitch motion for vibration reduction. The program
involved flight-testing of an Army OH-6 helicopter by Hughes Helicopters.*

One of the more innovative approaches to research teaming was
developed in the area of rotary wing noise. In 1982, discussions between
the American Helicopter Society and NASA addressed the industry con-
cern that the proposed rulemaking by Federal Aviation Administration
would place the helicopter industry at a considerable disadvantage. The
issue was based on the point that the state-of-the-art noise prediction
did not allow the prediction of noise for new designs with acceptable
confidence levels. As a result, NASA and the Society, joined by the FAA
and the Helicopter Association International (HAI)—an organization
of helicopter commercial operators—embarked on a joint program in
noise research. Through the AHS, American helicopter manufacturers
pooled their research with that of NASA under a 5-year plan leading to
improved noise prediction capability. All research results were shared
among the Government and industry participants in periodic techni-
cal exchanges. Langley managed the program with full participation by
Ames and Glenn Research Centers in their areas of expertise.

After delivery of the two RSRA vehicles to the Ames Research Center
in the late 1970s, the helicopter and compound (with wing and TF34
turbofan engines installed) configurations were involved in an extended
period of ground- and flight-testing to document the characteristics of
the basic vehicles. This included extensive calibrations of the onboard
load measurement systems for the rotor forces and moments; wing lift,
drag, and pitching moment; and TF34 engine thrust. This work was fol-
lowed by the initiation the research flight program utilizing the deliv-
ered S-61 rotor system. In 1983, NASA and DARPA launched a major
research program to design, fabricate and flight-test an X-Wing rotor on
the new RSRA. The RSRA was ideally suited to the testing of new rotor

41. Raymond G. Kvaternik, “The NASA/Industry Design Analysis Methods for Vibration [DAMVIBS)
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42.B.P. Gupta, A.-H. logan, and E.R. Wood, "Higher Harmonic Contral for Rotary Wing Aircraft,”
AlAA Paper No. 84-2484 (1984).

163



164

NASA's Contributions to Aeronautics

concepts, being specifically design for the purpose. One RSRA vehicle
was returned to Sikorsky Aircraft for installation of an X-Wing rotor.
This aircraft was eventually moved to NASA Dryden Flight Research
Center at Edwards Air Force Base, CA, where final preparations were
made for flight-testing. The second vehicle embarked on fixed-wing flight
testing at the Dryden Center to expand and document the flight enve-
lope of the RSRA beyond 200 knots, the speed range of interest in the
start-stop conversion testing for the X-Wing rotor.

Contributions were beginning to emerge from the NASA-American
Helicopter Society Rotorcraft Noise Prediction Program, the joint
Government-industry effort initiated in 1983.* The four major thrusts
were: noise prediction, database development, noise reduction, and crite-
ria development. Fundamental experimental and analytical studies were
started in-house and under grants to universities. In order to obtain high-
quality noise data for comparison with evolving prediction capability, a
wind tunnel testing program was initiated. This NASA-sponsored pro-
gram was performed in 1986 in the Dutch-German wind tunnel (Duits-
Nederlandse wind tunnel, DNW) using a model-scale Bo 105 main rotor.
This program was performed with the support of the Federal Aviation
Administration and the collaboration of the German aerospace research
establishment. In these tests and in subsequent tests of the model in the
DNW tunnel in 1988, researchers gained valuable insight into the aero-
acoustic mechanism of blade vortex interaction (BVI) noise.

In regard to rotor external noise reduction, Langley researchers
investigated the possibility of BVI noise reduction using active control
of blade pitch. A model-scale wind tunnel test was conducted in the
Langley Transonic Dynamics Tunnel (TDT) using the Aeroelastic Rotor
Experimental System (ARES).* Results were encouraging and demon-
strated noise level reductions up to 5 decibels (dB) for low and moderate
forward speeds. A major contribution of the NASA-AHS program was
the development of a comprehensive rotorcraft system noise prediction
capability. The primary objective of this capability, the computer code
named ROTONET, was to provide industry with a reliable predictor for
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use in design evaluation and noise certification efforts. ROTONET was
developed in several phases, with each phase released to Noise Reduction
Program participants for testing and evaluation. Validation data from
flight test of production and experimental rotorcraft constituted a vital
element of the program. The first was of the McDonnell-Douglas 500E
helicopter, tested at NASA's Wallops Flight Facility. The second flight-
test effort at Wallops, a joint NASA-Army program, was performed in
1987 using an Aerospatiale Dauphine helicopter, which had a relatively
advanced blade design and a Fenestron-type (ducted) tail rotor. The year
1988 saw a joint NASA-Bell Helicopter effort in flight investigation of
the noise characteristics the NASA-Army XV-15 Tilt Rotor Research
Aircraft. The results indicated that while the aircraft seemed very quiet
in the airplane mode, significant blade-vortex interaction noise was evi-
dent in the helicopter mode of flight. NASA benefited from the inter-
action with and participation in the variety of industry noise programs,
which helped set the groundwork for subsequent joint participation in
rotary wing research.*

NASA 1990-2007: Coping with Institutional and Resource Challenges

Over the next decade and a half, the NASA rotary wing program'’s avail-
able organizational and financial resources were significantly impacted

by NASA and supporting Agency organizational, mission, and budget
management decisions. These decisions were driven by changes in pro-
gram priorities in the face of severe budget pressures and reorganization

mandates seeking to improve operational efficiency. NASA leaders were

being tasked with more ambitious space missions and with recovering

from two Shuttle losses. In the face of these challenges, the rotary wing

program, among others, was adjusted in the effort to continue to make

notable research contributions. Examples of the array of real impacts

on the rotary wing program over this period were: (1) termination of the

NASA-DARPA RSRA-X-Wing program; (2) stopping the NASA-Army
flight operations of the only XV-15 TRRA aircraft and the two RSRA vehi-
cles; (3) transfer of all active NASA research aircraft to Dryden Flight

Research Center, which essentially closed NASA rotary wing flight oper-
ations; (4) elimination of vehicle program offices at NASA Headquarters;

(5) closing the National Full-Scale Aerodynamic Complex wind tunnel at

45. Robert J. Huston, Robert A. Golub, and James C. Yu, “Noise Considerations for Tilt Rotor,”
AlAA Paper 892359 (1989).
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Ames in 2003 (reopened under a lease to the United States Air Force in
2007); (6) converting to full-cost accounting, which represented a new
burden on vehicle research funding allocations; and (7) the imposition
of a steady and severe decline in aeronautics budget requests, staring
in the late 1990s. Overshadowing this retrenching activity in the 1990s
was the total reorientation, and hence complete transformation, of the
Ames Research Center from an Aeronautics Research Mission Center
to a Science Mission Center with the new lead in information technol-
ogy (IT).* Responsibility for Ames’s aerodynamics and wind tunnel
management was assigned to Langley Research Center. The persistent
turbulence in the NASA rotary wing research community presented a
growing challenge to the ability to generate research contributions. Here
is where the established partnership with the United States Army and
co-located laboratories at Ames, Langley, and Glenn Research Centers
made it possible to maximize effectiveness by strengthening the com-
bined efforts. In the case of Ames, this was done by creating a new com-
bined Army-NASA Rotorcraft Division. The center of gravity of NASA
rotary wing research thus gradually shifted to the Army.

The decision to ground and place in storage the only remaining
XV-15 TRRA in 1994 was fortunately turned from a real setback to an
unplanned contribution. Bell Helicopter, having lost the other XV-15,
N702NA, in an accident in 1992, requested bailment of the Ames air-
craft, N703NA, in 1994 to continue its own tilt rotor research, demon-
strations, and applications evaluations in support of the ongoing (and
troubled) V-22 Osprey program. The NASA and Army management
agreed. As part of the extended use, on April 21, 1995, the XV-15 became
the first tilt rotor to land at the world’s first operational civil vertiport
at the Dallas Convention Center Heliport/Vertiport. After its long and
successful operation and its retirement in 2003, this aircraft is on per-
manent display at the Smithsonian Institution’s Udvar-Hazy Center at
Washington Dulles International Airport, Chantilly, VA.

With the military application of proven tilt rotor technology well
underway with the procurement of the V-22 Osprey by the Marine Corps
and Air Force, the potential for parallel application of tilt rotor technol-
ogy to civil transportation was also addressed by NASA. Early studies,
funded by the FAA and NASA, indicated that the concept had potential

46. Glenn E. Bugos, Atmosphere of Freedom, Sixty Years at the Ames Research Center, NASA SP-
4314 (Washington, DC: NASA 2000, pp. 211-246.
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for worldwide application and could be economically viable.*’ In late
1992, Congress directed the Secretary of Transportation to establish a
Civil Tilt Rotor Development Advisory Committee (CTRDAC) to exam-
ine the technical, operational, and economic issues associated with inte-
grating the civil tilt rotor (CTR) into the Nation’s transportation system.
The Committee was also charged with determining the required addi-
tional research and development, the regulatory changes required, and
the estimated cost of the aircraft and related infrastructure develop-
ment. In 1995, the Committee issued the findings. The CTR was deter-
mined to be technically feasible and could be developed by the United
States’ industry. It appeared that the CTR could be economically viable
in heavily traveled corridors. Additional research and development and
infrastructure planning were needed before industry could make a pro-
duction decision. In response to this finding, elements of work suggested
by the CTRDAC were included in the NASA rotorcraft program plans.
Significant advances in several technological areas would be required
to enable the tilt rotor concept to be introduced into the transportation
system. In 1994, researchers at Ames, Langley, and Glenn Research
Centers launched the Advanced Tiltrotor Transport Technology (ATTT)
program to develop the new technologies. Because of existing fund-
ing limitations, initial research activity was focused on the primary
concerns of noise and safety. The noise research activity included the
development of refined acoustic analyses, the acquisition of wind tun-
nel prop-rotor noise data to validate the analytical method, and flight
tests to determine the effect of different landing approach profiles on
terminal area and community noise. The safety effort was related to
the need to execute approaches and departures at confined urban ver-
tiports. For these situations the capability to operate safely with one-
engine-inoperative in adverse weather conditions was required. This area
was addressed by conducting engine design studies to enable generat-
ing high levels of emergency power in OFEI situations without adversely
impacting weight, reliability, maintenance, or normal fuel economy.
Additional operational safety investigations were carried out on the
Ames Vertical Motion Simulator to assess crew station issues, control
law variations, and assign advanced configurations such as the vari-
able diameter tilt rotor. The principal American rotary wing airframe

47. Maisel, et al., History of the XV-15 TiltRotor, pp. 110-114.
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and engine manufacturers participated in the noise and safety investi-
gations, which assured that proper attention was given to the practical
application of the new technology.*® An initial step in civil tilt rotor air-
craft development was taken by Bell Helicopter in September 1998, by
teaming with Agusta Helicopter Company of Italy, to design, manufac-
ture, and certify a commercial version of the XV-15 aircraft design des-
ignated the BA 609.

Despite the institutional and resource turbulence overshadowing
rotary wing activity, the NASA and Army researchers persisted in con-
ducting base research. They continued to make contributions to advance
the state of rotary wing technology applicable to civil and military needs,
a typical example being the analysis of the influence of the vortex ring
state (VRS) flight in rapid, steep descents, brought to the forefront by
initial operating problems experienced by the V-22 Osprey.* The cur-
rent NASA Technical Report Server (NTRS) Web site has posted over
2,200 NASA rotary wing technical reports. Of these, approximately 800
entries have been posted since 1991—the peak year, with 143 entries.
These postings facilitate public access to the formal documentation of
NASA contributions to rotary wing technology. The annual postings grad-
ually declined after 1991. In what may be a mirror image of the state of
NASAS’ realigned rotary wing program, since 2001 the annual totals of
posted rotary wing reports are in the 20-40 range, with an increasing
percentage reflecting contributions by Army coauthors.

As the Army and NASA rotary wing research was increasingly linked
in mutually supporting roles at the co-located centers, outsourcing,
cooperation, and partnerships with industry and academia also grew.
In 1995, the Army and NASA agreed to form the National Rotorcraft
Technology Center (NRTC) occupying a dedicated facility at Ames
Research Center. This jointly funded and managed organization was
created to provide central coordination of rotary wing research activities
of the Government, academia, and industry. Government participation
included Army, NASA, Navy, and the FAA. The academic laboratories’
participation was accomplished by NRTC having acquired the responsi-
bility to manage the Rotorcraft Centers of Excellence (RCOE) program

48. William J. Snyder, John Zuk, and Hans Mark, “Tilt Rotor Technology Takes Off,” AIAA Paper
89-2359 (1989).

49. Wayne Johnson, "Model for Vortex Ring Stafe Influence on Rotorcraft Flight Dynamics,” NASA
TP-2005-213477 (2005).
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that had been in existence since 1982 under the Army Research Office. In
1996, the periodic national competition resulted in establishing Georgia
Institute of Technology, the University of Maryland at College Park, and
Pennsylvania State University as the three RCOE sites.

The Rotorcraft Industry Technology Association (RITA), Inc., was
also established in 1996. Principal members of RITA included the
United States helicopter manufacturers Bell Helicopter Textron, the
Boeing Company, Sikorsky Aircraft Corporation, and Kaman Aerospace
Corporation. Supporting members included rotorcraft subsystem man-
ufacturers and other industry entities. Associate Members included a
growing number of American universities and nonprofit organizations.
RITA was governed by a Board of Directors supported by a Technical
Advisory Committee that guided and coordinated the performance
of the research projects. This industry-led organization and NRTC
signed a unique agreement to be partners in rotary wing research. The
Government would share the cost of annual research projects pro-
posed by RITA and approved by NRTC evaluation teams. NASA and the
Army each contributed funds for 25 percent of the cost of each proj-
ect—together they matched the industry-member share of 50 percent.
Over the first 5 years of the Government-industry agreement, the total
annual investment averaged $20 million. The RITA projects favored
mid- and near-term research efforts that complemented mid- and long-
term research missions of the Army and NASA. Originally, there was
concern that the research staff of industry competitors would be reluc-
tant to share project proposal information and pool results under the
RITA banner. This concern quickly turned out to be unfounded as the
research teams embarked on work addressing common technical prob-
lems faced by all participants.

NRTC was not immune to the challenges posed by limited NASA
budgets, which eventually caused some cutbacks in NRTC support of
RITA and the RCOE program. In 2005, the name of the RITA enter-
prise was changed to the Center for Rotorcraft Innovation (CRI), and
the principal office was relocated from Connecticut to the Philadelphia
area.’® Accomplishments posted by RITA-CRI include cost-effective
integrated helicopter design tools and improved design and manufac-
turing practices for increased damage tolerance. The area of rotorcraft

50. The Center for Rotorcraft Innovation [CRI) Web site is: htip://www.irotor.org.
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operations accomplishments included incorporating developments in
synthetic vision and cognitive decision-making systems to enhance the
routine performance of critical piloting tasks and enabling changes
in the air traffic management system that will help rotorcraft become
a more-significant participant in the civil transportation system. The
American Helicopter Society International recognized RITA for one of
its principal areas of research effort by awarding the Health and Usage
Monitoring Project Team the AHS 1998 Grover E. Bell Award for “fos-
tering and encouraging research and experimentation in the important
field of helicopters.”

As previously noted, in the mid-1990s, NASA Ames’s entire aircraft
fleet was transferred some 300 miles south to Dryden Flight Research
Center at Edwards Air Force Base, CA. This inventory included a num-
ber of NASA rotary wing research aircraft that had been actively engaged
since the 1970s.5' However, the U.S. Army Aeroflightdynamics Directorate,
co-located at Ames since 1970, chose to retain their research aircraft. In
1997, after several years of negotiation, NASA Headquarters signed a
directive that Ames would continue to support the Army’s rotorcraft air-
worthiness research using three military helicopters outfitted for special
flight research investigations. The AH-1 Cobra had been configured as
the Flying Laboratory for Integrated Test and Evaluation (FLITE). One
UH-60 Blackhawk was configured as the Rotorcraft Aircrew Systems
Concepts Airborne Laboratory (RASCAL) and remained as the focus
for advanced controls and was utilized by the NASA-Army Rotorcraft
Division to develop programmable, fly-by-wire controls for nap-of-the-
Earth maneuvering studies. This aircraft was also used for investigat-
ing noise-abatement, segmented approaches using local differential
Global Positioning System (GPS) guidance. The third aircraft, another
UH-60 Blackhawk, had been extensively instrumented for the conduct
of the UH-60 Airloads Program. The principal focus of the program was
the acquisition of detailed rotor-blade pressure distributions in a wide
array of flight conditions to improve and validate advanced analytical
methodology. The last NACA-NASA rotor air-loads flight program of
this nature had been conducted over three decades earlier, before the
advent of the modern digital data acquisition and processing revolu-

51. David D. Few, "A Perspective on 15 Years of Proofof-Concept Aircraft Development and Flight
Research at Ames—Moffett by the Rotorcraft and Powered-Lift Flight Projects Division, 1970-1985,"
NASARP-1187 (1987).
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tion.> Again, the persistence of the NASA-Army researchers met the
institutional and resource challenges and pressed on with fundamen-
tal research to advance rotary wing technology.

On December 20, 2006, the White House issued Executive Order 13419
establishing the first National Aeronautics Research and Development
Policy. The Executive order was accompanied by the policy statement pre-
pared by the National Science and Technology Council’s Committee on
Technology. This 13-page document included recommendations to clar-
ify, focus, and coordinate Federal Government aeronautics R&D activi-
ties. Of particular note for NASAS rotary wing community was Section V
of the policy statement: “Stable and Long-Term Foundational Research
Guidelines.” The roles and responsibilities of the executive departments
and agencies were addressed, noting that several executive organizations
should take responsibility for specific parts of the national foundational
(i.e., fundamental) aeronautical research program. Specifically, “NASA
should maintain a broad foundational research effort aimed at preserv-
ing the intellectual stewardship and mastery of aeronautics core compe-
tencies.” In addition, “NASA should conduct research in key areas related
to the development of advanced aircraft technologies and systems that
support DOD, FAA, the Joint Planning and Development Office (JPDO)
and other executive departments and agencies.>® NASA may also con-
duct such research to benefit the broad aeronautics community in its
pursuit of advanced aircraft technologies and systems. . . . ” In support-
ing research benefiting the broad aeronautics community, care is to be
taken “to ensure that the government is not stepping beyond its legiti-
mate purpose by competing with or unfairly subsidizing commercial ven-
tures.” There is a strong implication that the new policy may lead NASA’s
aeronautics role in a return to the more modest, but successful, ways of
NASASs predecessor, the National Advisory Committee for Aeronautics,
with a primary focus on fundamental research, with the participation of

52. Edwin W. Aiken, Robert A. Jacobson, Michelle M. Eshow, William S. Hindson, and Douglas
H. Doane, "Preliminary Design Features of the RASCAL—A NASA/Army Rotorcraft In-Flight Simulo-
for,” AIAA Paper 92-4175 (1992); Robert TN. Chen, William S. Hindson, and Arnold W. Muel
ler, “Acoustic Flight Tests of Rotorcraft Noise-Abatement Approaches Using Local Differential GPS
Guidance,” NASA TM-110370 (1995): Robert M. Kufeld and Paul C. Loschke, "UH-60 Airloads
Program— Status and Plans,” AIAA Paper 91-3142 (1991).

53.In 2003, Congress authorized the Joint Planning and Development Office (PDO) coordinating
the activities of multiple Federal agencies in planning Next Generation Air Transportation System to
implement the transformation of the national airspace system.
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academia, and the cooperative research support for systems technology
and experimental aircraft program investments by the DOD, the FAA, and
industry. In the case of rotary wing research, since the 1990s, NASA man-
agement decisions had moved the residual effort in this direction under
the pressure of limited resources.
As charged, 1 year after the Executive order and policy statement
were issued, the National Science and Technology Council issued the
“National Plan For Aeronautics Research and Development and Related
Infrastructure.” Rotary wing R&D is specifically identified as being
among the aviation elements vital to national security and homeland
defense with a goal of “Developing improved lift, range, and mission
capability for rotorcraft.” Future NASA rotary wing foundational research
contributions may also contribute to other goals and objective of the plan.
For example, under Energy Efficiency and Environment Protection, is
Goal 2: Advance development of technologies and operations to enable
significant increases in energy efficiency of the aviation system, and Goal
3: Advance development of technologies and operational procedures to
decrease the significant environmental impacts of the aviation system.
Perhaps the most important long-term challenge for the rotary wing
segment of aviation is the need for focused attention on improved safety.
In this regard, Goal 2 under the plan section titled “Aviation Safety is
Paramount” appears to embrace the rotary wing need in calling for devel-
oping technologies to reduce accidents and incidents through enhanced
aerospace vehicle operations on the ground and in the air. The opportu-
nity for making significant contributions in this arena may exist through
enhanced teaming of NASA and the rotary wing community under the
International Helicopter Study Team (IHST).>* The goal of the ambitious
THST is to work to reduce helicopter accident rates by 80 percent in
10 years. The participating members of the organization include techni-
cal societies, helicopter and engine manufacturers, commercial operator
and public service organizations, the FAA, and NASA. Past performance
suggests that the timely application of NASA rotary wing fundamental
research expertise and unique facilities to this international endeavor
would spawn significant contributions and accomplishments.

54. Mark Liptak, “International Helicopter Study Team (IHST) Overview Briefing,” presented at
Helicopter Association International HELI EXPO Meeting, Houston, TX, Feb. 21-23, 2009 (see
hito://www.ihst.org).
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Aerodynamic model of NASA’s SCAT-15F supersonic transport design attached for a subsonic
wind tunnel test in 1969. NASA.
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Softening the Sonic Boom:
50 Years of NASA Research

Lawrence R. Benson

The advent of practical supersonic flight brought with it the shatter-
ing shock of the sonic boom. From the onset of the supersonic age
in 1947, NACA-NASA researchers recognized that the sonic boom
would work against acceptance of routine overland supersonic air-
craft operation. In concert with researchers from other Federal and mil-
itary organizations, they developed flighttest programs and innovative
design approaches to reshape aircraft to minimize boom effects while
retaining desirable high-speed behavior and efficient flight performance.

FTER ITS FORMATION IN 1958, the National Aeronautics and Space

Administration (NASA) began devoting most of its resources to the

ation’s new civilian space programs. Yet 1958 also marked the

start of a program in the time-honored aviation mission that the Agency

inherited from the National Advisory Committee for Aeronautics (NACA).

This task was to help foster an advanced passenger plane that would fly
at least twice the speed of sound.

Because of economic and political factors, developing such an aircraft
became more than a purely technological challenge. One of the major barriers
to producing a supersonic transport involved a phenomenon of atmospheric
physics barely understood in the late 1950s: the shock waves generated by
supersonic flight. Studying these “sonic booms” and learning how to con-
trol them became a specialized and enduring field of NASA research for the
next five decades. During the first decade of the 21st century, all the study,
testing, and experimentation of the past finally began to reap tangible
benefits in the same California airspace where supersonic flight began.!

1. The author is grateful to Karl Bender of NASA's Dryden Research Library for helping to gather source
materials. For a concise infroduction fo sonic boom theory, see Kenneth J. Plotkin and Domenic J.
Maglieri, “Sonic Boom Research: History and Future,” American Insfitute of Aeronautics and Asfronautics

[AIAA), Paper 2003-3575, June 23, 2003.
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From Curiosity to Controversy
In 1947, Muroc Army Airfield, CA, was a small collection of aircraft han-
gars and other austere buildings adjoining the vast Rogers Dry Lake in
the high desert of the Antelope Valley, across the San Gabriel Mountains
from the Los Angeles basin. Because of the airfield’s remoteness and clear
skies, a small team of Air Force, the NACA, and contractor personnel
was using Muroc for a secret project to explore the still unknown ter-
ritory of supersonic flight. On October 14, more than 40,000 feet over
the little desert town of Boron, visible only by its contrail, Capt. Chuck
Yeager’s 31-foot-long rocket-propelled Bell XS-1 successfully “broke” the
fabled sound barrier.? The sonic boom from his little experimental air-
plane—the first to fly supersonic in level flight—probably did not reach
the ground on that historic day.? Before long, however, the acoustical
signature of the shock waves generated by XS-1s and other supersonic
aircraft became a familiar sound at and around the isolated airbase.
In the previous century, an Austrian physicist-philosopher, Ernst
Mach, was the first to explain the phenomenon of supersonic shock
waves, which he displayed visually in 1887 with a cleverly made photo-
graph showing those formed by a high-velocity projectile, in this case a
bullet. The speed of sound, he also determined, varied in relation to the
density of the medium though which it passed, such as air molecules.
(At sea level, the speed of sound is 760 mph.) In 1929, Jakob Ackeret,
a Swiss fluid dynamicist, named this variable “Mach number” in his
honor. This guaranteed that Ernst would be remembered by future gen-
erations, especially after it became known that the 700 mph speed of
Yeager’s XS-1, flying at 43,000 feet, was measured as Mach 1.06.%
Humans have long been familiar with and often frightened by
natural sonic booms in the form of thunder, i.e., sudden surges of air

2. For its development and testing, see Richard P. Hallion, Supersonic Flight: Breaking the Sound
Barrier and Beyond: The Story of the Bell X-1 and Douglas D-558 [New York: Macmillan, 1977).
3. Some of the personnel stationed at Muroc when Yeager broke the sound barrier later recalled
hearing a sonic boom, but these may have been memories of subsequent flights at higher speeds.
One of NASAS top sonic boom experts has calculated that at Mach 1.06 and 41,000 feet above
ground level, atmospheric refraction and absorption of the shock waves would almost certainly have
dissipated the XS-1's sonic boom before it could reach the surface. E-mail, Edward A. Haering,
Dryden Flight Research Center, to Lawrence R. Benson, Apr. 8, 2009.

4. "Emst Mach,” Stanford Encyclopedia of Philosophy, Mar. 21, 2008, http://plato.stanford.
edu/entries/Ernstmach; Jeff Scott, “Emst Mach and Mach Number,” Nov. 9, 2003, hitp://www.
aerospaceweb.org,/question/ history,/q0 149.shmf.
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Bell XS-1 —the first aircraft to exceed Mach 1 in level flight, October 14, 1947. U.S. Air Force.

pressure caused when strokes of lightning instantaneously heat con-
tiguous columns of air molecules. Perhaps the most awesome of sonic
booms—heard only rarely—have been produced by large meteoroid
fireballs speeding through the atmosphere. On a much smaller scale,
the first acoustical shock waves produced by human invention were the
modest cracking noises from the snapping of a whip. The high-power
explosives perfected in the latter half of the 19th century were able—as
Mach explained—to propel projectiles faster than the speed of sound.
Their acoustical shock waves would be among the cacophony of fear-
some sounds heard by millions of soldiers during the two World Wars.>

On a Friday evening, September 8, 1944, an explosion blew out a
large crater in Stavely Road, west of London. The first German V-2 bal-
listic missile aimed at England had announced its arrival. “After the
explosion came a double thunderclap caused by the sonic boom catch-

5. By the end of World War II, ballistic waves were well understood, e.g., J.W.M. Dumond, et dl.,
"A Determination of the Wave Forms and Laws of Propagation and Dissipation of Ballistic Shock
Waves," Journal of the Acoustical Society of America (hereinafter cited as JASA], vol. 18, no. 1

(Jan. 1946), pp. 97-118.
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ing up with the fallen rocket.”® For the next 7 months, millions of peo-
ple would hear these sounds, which would become known as “sonic
bangs” in Britain, from more than 3,000 V-2s launched at England as
well as liberated portions of France, Belgium, and the Netherlands. Their
sound waves would always arrive too late to warn any of those unfortu-
nate enough to be near the missiles’ points of impact.” After World War
II, these strange noises faded into memory for several years—until the
arrival of new jet fighter planes.

In November 1949, the NACA designated its growing detachment
at Muroc as the High-Speed Flight Research Station (HSFRS), 1 month
before the Air Force renamed the installation Edwards Air Force Base
(AFB).% By the early 1950s, the desert and mountains around Edwards
reverberated with the occasional sonic booms of experimental and pro-
totype aircraft, as did other flight-test locations in the United States
and United Kingdom. Scientists and engineers had been familiar with
the “axisymmetric” ballistic shock waves of projectiles such as artil-
lery shells (referred to scientifically as bodies of revolution).® This was
one reason the fuselage of the XS-1 was shaped like a 50-caliber bul-
let. But these new acoustic phenomena—many of which featured a
double-boom sound—hinted that they were more complex. In late
1952, the editors of the world’s oldest aeronautical weekly stated with
some hyperbole that “the ‘supersonic bang’ phenomenon, if only by
reason of its sudden incidence and the enormous public interest it has
aroused, is probably the most spectacular and puzzling occurrence in the

history of aerodynamics.”!?

6. David Darling: The Complete Book of Spaceflight: from Apollo 1 to Zero Gravity [Hoboken,

NJ: John Wiley and Sons, 2003), p. 457. See also "Airpower: Missiles and Rockets in Warfare,”
htto://www.centennialofflight.gov,/essay,/Air_Power/Missiles/AP29.htm; and Bob Ward, Dr.
Space: The life of Wernher von Braun [Annapolis: Naval Institute, 2005), p. 43.

7. The definitive biography, Van Braun: Dreamer of Space, Engineer of War, by Michael J. Neufeld
(New York: Alfred A. Knopf, 2007), pp. 133-136, leaves open the question of whether the
Germans at Peenemiinde heard the first manmade sonic booms in 1942 when their A4 test rockets
exceeded Mach 1 about 25 seconds after launch.

8. For the authoritative history of the NACA/NASA mission at Edwards AFB, see Richard P. Hallion
and Michael H. Gom, On the Frontier: Experimental Flight at NASA Dryden (Washington, DC:
Smithsonian, 2003).

Q. Plotkin and Maglieri, “Sonic Boom Research,” pp. 1-2.

10. Introduction to “The Battle of the Bangs,” Flight and Aircraft Engineer, vol. 61, no. 2289 (Dec.
5, 1952), p. 6906, hitp://www.flightglobal.com/pdfarchive/view,/ 1952/%203457.
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A young British graduate student, Gerald B. Whitham, was the
first to analyze thoroughly the abrupt rise in air pressure upon arrival
of a supersonic vehicle’s “bow wave,” followed by a more grad-
ual but deeper fall in pressure for a fraction of a second, and then a
recompression with the passing of the vehicle’s tail wave. As shown in a
simplified fashion by Figure 1, this can be illustrated graphically by an
elongated capital “N” (the solid line) transecting a horizontal axis (the
dashed line) representing ambient air pressure during a second or less
of elapsed time. For Americans, the pressure change is usually expressed
in pounds per square foot (psf—also abbreviated as 1b/ft?).

Because a jet fighter (or a V-2 missile) is much longer than an artil-
lery shell is, the human ear could detect a double boom if its tail shock
wave arrived a tenth of a second or more after its bow shock wave.
Whitham was first to systematically examine the more complex shock
waves, which he called the F-function, generated by “nonaxisymmetri-
cal” (i.e., asymmetrical) configurations, such as airplanes.!!

The number of these double booms multiplied in the mid-1950s as
the Air Force Flight Test Center (AFFTC) at Edwards (assisted by the
HSFRS) began putting a new generation of Air Force jet fighters and
interceptors, known as the Century Series, through their paces. The
remarkably rapid advance in aviation technology (and priorities of the
Cold War “arms race”) is evident in the sequence of their first flights at
Edwards: YF-100 Super Sabre, May 1953; YF-102 Delta Dagger, October
1953; XF-104 Starfighter, February 1954; F-101 Voodoo, September
1954; YF-105 Thunderchief, October 1955; and F-106 Delta Dart,
December 1956.'2

With the sparse population living in California’s Mojave Desert
region during the 1950s, disturbances caused by the flight tests of new jet
aircraft were not a serious issue. But even in the early 1950s, the United

11. G.B. Whitham, “The Flow Pattern of a Supersonic Projectile,” Communications on Pure

and Applied Mathematics, vol. 5, no. 3 (1952), pp. 301-348 (available at hifp://www3.
interscience.wiley.com/journal/ 113395 160/issue) and "On the Propagation of VWeak Shock
Waves," Journal of Fluid Dynamics, vol. 1, No. 3 (Sept. 1956), pp. 290-318 (available at
htto://journals.cambridge.org/action/displayjournal@jid=/FM), and described in Larry J. Runyan,
et al., Sonic Boom Literature Survey, vol. Il, Capsule Summaries, (Seattle: Boeing Commercial
Airplane Co. for the FAA), Sept. 1973, pp. 6-8, 59-60. Whitham later taught at both the
Massachusetts and California Institutes of Technology.

12. Air Force Flight Test Center History Office, Ad Inexplorata: The Evolution of Flight Testing af
Edwards Air Force Base [Edwards AFB: AFFTC, 1996), Appendix B, p. 55.
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Figure 1. Simplified N-shaped sonic boom signature. NASA.

States Air Force (USAF) became concerned about their future impact.
In November 1954, for example, its Aeronautical Research Laboratory
at Wright-Patterson AFB, OH, submitted a study to the Air Force Board
of top generals on early findings regarding the still somewhat myste-
rious nature of sonic booms. Although concluding that low-flying air-
craft flying at supersonic speeds could cause considerable damage, the
report optimistically predicted the possibility of supersonic flight with-
out booms at altitudes over 35,000 feet.'?

As the latest Air Force and Navy fighters went into full produc-
tion and began flying from bases throughout the Nation, much of the
American public was exposed to jet noise for the first time. This included
the thunderclap-like thuds characteristic of sonic booms—often accom-
panied by ratt